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ABSTRACT

INTERACTIONS OF DISSOLVED AND PARTICULATE
NITROGEN IN LAKE METABOLISM

By

Bruce Andrew Manny

Weekly measurements of dissolved ammonia, nitrite,
and nitrate for 22 months and organic nitrogen for 12
months were made in two hardwater lakes and seasonally in
four other lakes representing a chemical and trophic spec-
trum in glaciated Michigan. Seston at 1 m depth was frac-
tionated weekly for 14 months using 10 um Nitex netting in
two lakes representing extremes of hardwater productivity.
Net and nanno fractions were analyzed by micro-Kjeldahl
digestion for organic nitrogen. Seasonal changes in all
nitrogenous parameters were subsequently related to changes
in fifteen other chemical and biological parameters assayed
simultaneously.

More than half of total sestonic pigments, algal
cell volume, and organic nitrogen were present all year in
the nannosestonic fraction in the unproductive and pro-
ductive lake. These data supported the hypothesis that
nannophytoplankton contain more nitrogen per unit cell

volume than netphytoplankton.
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Bruce Andrew Manny

A high intensity ultraviolet combustion procedure
was developed to measure dissolved organic nitrogen com-
pounds (DON) at natural concentrations and later to differ-
entiate UV-labile (LDON) and UV-refractory (RDON) fractions
within the total DON pool in six lakes. LDON was always
present in the more productive lakes in higher concen-
trations than RDON. Both fractions were present in higher
concentrations in the epilimnion of all lakes than in the
hypolimnion. RDON was unmeasurable in the most calcareous
lake.

Measurements of allochthonous DON entering the most
calcareous lake during the spring revealed LDON and RDON
entered the lake. In the stream below the discharge of
this lake, concentrations of LDON decreased during trans-
port and concentrations of RDON increased. After 8 km of
downstream transport, about 70% of the total DON was RDON.
Measurements of DON during a leaf decomposition experiment
in two recycling, enclosed streams suggested the percentage
of RDON in the total DON was a dynamic equilibrium value
that could be changed by terrestrial inputs and changes in
the stream biota.

Collaborative work on DON sources to the most
calcareous lake revealed RDON originated largely in the
surrounding watershed whereas LDON originated largely
within the lake--probably from the littoral flora and

phytoplankton.



TICECS
chotos
sterml

S eCaian

are pro



Bruce Andrew Manny

Lastly, an array of pelagic DON interactions is
proposed to explain ways in which DON may regulate aquatic
photosynthesis in hardwater lakes. Eutrophication rates
stemming from various combinations of these interactions

are proposed and discussed.
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I. INTRODUCTION

The first objective of this work was to relate
changes in inorganic nitrogen concentrations and standing
stocks of sestonic organic nitrogen to understand how these
two parameters relate to production of organic nitrogen.
Two lakes representing extremes of hardwater productivity
were sampled weekly for over one year to compare rates of
allochthonous nitrogen entry, rates of nitrogen regener-
ation and organic nitrogen production in each lake.

Nitrogen content of net- and nannoseston size
fractions (Hutchinson, 1967:235) were determined to see
whether nannoplankton was responsible for more organic
nitrogen production than the netplankton. 1In other
systems, nannoplankton has been shown to be responsible

14C-fixation (Rodhe, Vollenweider

for more than half the
and Nauwerck, 1958; Holmes and Anderson, 1963; Wetzel,
1964, 1966), and to comprise more than half the plankton
biomass (Banse, 1961), algal cell volume (Willen, 1959;
1961) and cell numbers and chlorophyll content (Yentsch

and Ryther, 1958). Fractionation also permitted estimation

of nannoplankton consumability and food quality, both
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important properties in the structure and dynamics of
aquatic communities (Hall, Cooper and Werner, 1970).
Lastly, analytical techniques were developed to
quantify changes in dissolved organic nitrogen (DON) in
natural waters (Manny, Miller and Wetzel, 1971) because
cyclic changes in dissolved organic matter (DOM) are inti-
mately related to mechanisms regulating rates of energy
and materials transfer in lake metabolism and eutrophi-
cation (Wetzel, 1965, 1966, 1967, 1969, 1970; Wetzel and
Allen, 1971). Because amino acids readily adsorb on
calcium carbonate particles (Wetzel and Allen, 1971) and
form complexes with trace-metals essential for photo-
synthesis (Albert, 1950, 1952, 1953), it was thought that
DON might be a major active DOM fraction controlling meta-

bolic processes in hardwater lakes.






IT. METHODS

A. Sampling Schedule

Water samples were collected on the same day each
week from August 1969 to October 1970 from 1 m depth over
Station A in Lawrence Lake (Figure 1) and from 0.5 m depth
over Station A in Wintergreen Lake (Figure 2) using a 3-
liter Van Dorn sampler. After October 1970, collections
were made biweekly at meter intervals at Station A in
Lawrence Lake and Station B in Wintergreen Lake. Tempera-
ture was measured at meter intervals using a thermistor
(Model 43TB, Yellow Springs Instr. Co., Yellow Springs,

Ohio) .

B. Seston Fractionation

Seston was fractionated for particulate nitrogen
and phosphorus analysis by passing duplicate samples
through 10 ym nylon Nitex filter cloth (Tobler, Ernst and
Traber, N.Y., N.Y.) and a glass fiber filter of approxi-
mately 0.3 um porosity (Reeve Angel 984 H, Clifton, N.J.)
separated by 1 mm Nitex filter cloth. Nitex 10 um filter
cloth retains all particles > 30 um in diameter, 50% of
particles 10 uym in diameter and passes particles 4 um or

less in diameter (Sheldon and Sutcliffe, 1969). Seston
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Figure 2. Bathymetric map of Wintergreen Lake showing

sampling Stations A and B used in this study.




WINTERGREEN LAKE

KALAMAZOO COUNTY, MICHIGAN

RO9W. . TIN. Sec.8

ELEVATION 271m, AREA 15.0 ha R 190 3°
METERS

CONTOUR INTERVALS IN METERS
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caught upon the 10 um Nitex was rinsed with distilled water
onto another glass fiber filter and designated netseston.
Seston passing the 10 um Nitex and caught upon the glass
fiber filter was designated nannoseston in conformance
with original conventions (Lohmann, 1903). The filtrate
was analyzed for dissolved components. Fractionation for
pigment analysis was accomplished by substituting a mem-
brane filter of 0.8 um porosity (Grade AA, Millipore

Corp., Bedford, Mass.) for the glass fiber filter.

Pigments were extracted by grinding the filtered
seston in 90% basic acetone for one minute with an air-
drive teflon to glass pestle (Model 4288-C, A. H. Thomas
Co., Phila., Pa.). Approximately 0.2-0.4 g glass micro-
spheres, 10-30 uym in diameter, were ground with samples
from Wintergreen Lake to obtain complete pigment extraction.
After 15-20 minutes, extracts were centrifuged for 10
minutes at 3,500 rpm and the absorbance read at 750, 665,
645, 630 and 480 nm (Hitachi Perkin-Elmer, model 139).
Chlorophyll a corrected for pheopigments was calculated
using the equations of Parsons and Strickland (1963) as

modified by Wetzel and Westlake (1969).

C. Algal Enumeration

Surface area and cell colume for net and nanno
phytoplankton were determined from water samples preserved
with acidified Lugol's solution (Edmondson, 1959:1200) by

the settling-chamber technique using an inverted microscope
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(Lund, et al., 1958; Utermohl, 1958). Members of phyla
other than the Chlorophyta, Cyanophyta and Chrysophyta

were grouped with one of these major phyla on the basis

of pigment similarity (Round, 1965:160). Primarily, this
resulted in the inclusion of occasional Euglenophytes among
the Chlorophyta and, more frequently, small Cryoptophytes
among the Cyanophyta. Identifications were made by refer-
ence to Smith (1950), Prescott (1954, 1962), Graffius
(1963) and Patrick and Reimer (1966). In calculations of
volume and surface area, nannoplankton was arbitrarily
differentiated from netplankton on the basis of whether
representative members of the population possessed a
dimension 10 uym or less, excluding very large forms like
the diatom Synedra which meet this criterion but would only
rarely pass a 10 uym Nitex filter. Dimensions were not cor-
rected for observed differences between fresh and preserved
specimens (Ahlstrom and Thrailkill, 1961). A constant
eccentricity of 0.4 was assumed for all cells and colonies
approximating an ellipse. Other forms were approximated

to a sphere or cylinder.

D. Limnological Parameters

Rates of photosynthetic carbon fixation were meas-

ured biweekly in Lawrence Lake by 14

C techniques (Goldman
and Wetzel, 1963; Wetzel, 1965). Daily production esti-
mates were extrapolated by interpolation of insolar radi-

ation curves (Vollenweider and Nauwerk, 1961; Miller, 1971).
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10

Sample pH was determined electrometrically within one hour
after collection (Beckman Model 76-A pH meter); dissolved
oxygen was determined by the Alsterberg modification of
the Winkler titration (APHA 1960); major cations were
determined by flame atomic adsorption (Jarrell Ash Model
82-700) and total dissolved organic carbon was determined

by persulfate oxidation and infra-red CO, analysis (Wetzel,

2
1969) .

E. Dissolved and Particulate Phosphorus

Total phosphorus was determined in filtered and
unfiltered water within three hours of collection by
perchloric acid digestion (Strickland and Parsons, 1968)
or combustion with high intensity ultraviolet (UV) light.
Water for the latter procedure was at pH 3-4 and contained
boric acid for determination of dissolved organic nitrogen
(Manny, Miller and Wetzel, 1971). Limits of sensitivity
and two standard errors for the perchloric acid procedure
were 2-4 and 2.04 ug/l respectively using a 10-cm light
path (N = 5). For samples combusted with UV light, the
sensitivity and two standard errors using a 10-cm light
path were 2-3 and 1.12 ug/l respectively (N = 8).

Values for total dissolved-P by either procedure
were not significantly different from each other in the

range of 2-200 pg/1 (P > 0.01, N = 55) (Figure 3).



11

d—a3anil1ossia TVvVLIOL L\

*9ouepuodsaxxod T:T TeoT32I09Yy3 s3juasaadax auT]
p2330d ° (896T) SuUOsSIed pue PURTIYOTIIS JO POY3dW 9Y3 pue UOTISNqUODd
39TOTARIZTN HUTSN SO USDIHISIUTIM pUR SOUSIMET WOIJ IS3eM pPaIa3TIF

uo potaad yjuow-zT ® ISA0 pauTwialsp (T/HbrM) snioydsoyd paATOSSTp Te3IOL

*¢ 2anbtg



12

dOHL13INWN d-S
oSt ool
LI I

0S

d-d3AT0SSId

1Vv101

.
P ‘.-

0s

ool

o¢lt

AOHL1INW AN



Selutio
(Solter
reCOer:
“Crery |
determix
Laityp,
Cores

“~lder

A
[y

€ rang

3

oy



13

F. Particulate Organic Nitrogen

Particulate organic nitrogen was determined for the
period August 1969 to September 1970 by Kjeldahl digestion
(Golterman, 1969) followed by distillation (Markham, 1942).
Because nitrogen atoms bound in carbon ring structures are
seldom recovered without severe prereduction and hydrolysis
(Kirk, 1950; Steyermark, 196l1; Bradstreet, 1965), digestion
was tested by analyzing nitrogenous reference standards of
different structural complexity (Anonymous, 1953). Di-
gestion consisted of boiling the sample for 3 hr in a 30
ml Kjeldahl flask in the presence of 5 ml concentrated
H,SO

27741 2 4
solution and enough water to rinse the neck of the flask

3 gk SO4, 3 glass beads, 1 ml 10% NaCl-5% CuSO
(Golterman, 1969). Results (Table 1) indicate partial
recovery of nitrate and ring-bound nitrogen, complete re-
covery of amino-N and excellent agreement with Biuret
determinations of crude total protein in insect homogenate.
Limiting sensitivity of this procedure was 3-5 upg/l; 95%
confidence limits about mean determinations of samples in

the range 20-250 ug/1 varied from + 3.09 to + 19.50

ug/1 (N = 5).

G. Nitrate, Nitrite, Ammonia, Dissolved
Organic Nitrogen

Nitrate, nitrite and ammonia were determined after
Manny et al. (1971) from August 1969 to April 1970 on
filtrates stored several months at -20°C. After April

1970, samples were analyzed immediately or refrigerated
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Table 1. Recovery of organic nitrogen from 1 mg samples of
organic compounds of various structural complex-

ity by Kjeldahl procedure used in this study.

% Nitrogen

Compound Structure Recovery
//0
Alanine cC-C-2¢C 102.3
| N0
NH2
Melamine

H.N N H
21/\)12 91.7

N N
NH2
. . H.N
p-Nitro alanine 2
76.4
NO3
DNA (not highly
polymerized) 108.7
Biuret protein of
insect homogenate* 106.6
Average Recovery 97.1

*Neophylax oligius (Trichoptera, Limnephilidea)
analyzed by R. C. Petersen.
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at 4°C for analysis within two days. Internal standards
of 100 ug/1 NH4-N were included with each sample sequence
from each lake to assess a factor by which values were
corrected to compensate for consistent incomplete NH4-N
recovery caused by sensitivity of the method to pH and the
presence of other nitrogenous compounds (Harwood and Huyer,

1970a, 1970b). Recovery of added NH,-N in samples from

4
Lawrence Lake varied from 30 to 110% (x = 79.07%, N = 31)
and was consistently less than that in water from Winter-
green Lake (x = 83.92, N = 29; Range 40 to 100%).

UV-labile and UV-refractory dissolved organic
nitrogen fractions (DON) were determined after Manny et al.
(1971) except that samples combusted after 18 January 1971

1 rather than 500 mg 17t HBO, to overcome

contained 3 g 1~
occasional unexplained increases in pH observed during
combustion.

Most points on the figures are mean values of at
least duplicate analyzes, however, replicate samples were
not collected from the same depth or from more than one
station frequently enough to estimate field variation.

While the data may not be interpreted statistically, clear

seasonal trends in the data are interpreted and discussed.
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III. LIMNOLOGICAL BACKGROUND

Lakes considered in this study are located in

Barry and Kalamazoo counties, southwestern Michigan on a
southern outwash apron of the Kalamazoo morain (Leverett
and Taylor, 1915; Hough, 1958, 1963). Soils of the area
developed upon glacial till high in CaCO3 and vary from
deep, poorly drained Carlisle muck to sandy, well-drained
Fox loam (Perkins and Tyson, 1922; Deeter and Trull, 1928;
Whiteside et al., 1968). Watersheds surrounding the lakes
are characterized by undulating plains of low relief dotted
with frequent valley depressions. Nearly 80% of the land
is cultivated or used for grazing of cattle, the remainder
is second-growth woodland of oak, hictory, maple, aspen

and occasional plantings of conifers.

A. Lawrence and Wintergreen Lakes

Two lakes were chosen for intensive study which
were readily accessible all year and known to differ in
general chemistry, including forms of nitrogen. An exten-
sive background of related measurements being made con-
currently in Lawrence Lake and the contrasting trophic
extremes in Wintergreen Lake provided overlapping ranges
of biological and chemical parameters for investigations

16
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of the interactions of dissolved organic compounds and
nutrient cycles in lake metabolism. Morphometric and
chemical data for Lawrence and Wintergreen lakes are sum-
marized in Table 2; chemical data for the remaining lakes
has been published elsewhere (Manny et al., 1971). Deeper,
less productive Lawrence Lake (Figure 1) is surrounded by
a watershed of cultivated fields of corn and low marshes
approximately 10 times the surface area of the lake. Half
the water enters the lake as two small spring-fed streams
and several smaller springs; the remainder enters from
submerged springs. A single outflow terminates 0.75 km
south in Augusta Creek. Lawrence is calcareous and con-
tains extensive deposits of nearly pure CaCO3 which have
been extensively excavated at several sites since settle-
ment of the watershed in the 1830's (Rich, 1970b).
Shallower, more productive Wintergreen (Figure 2) has
benthic marl deposits (Scheibner, 1958) and is nearly sur-
rounded by a belt of oak, hictory and pine trees approxi-
mately 20-50 m wide which is bordered by fields under
intermittent cultivation. Surface area of the watershed

is 7-10 times that of the lake. Other than surface runoff,
visible inflow to Wintergreen is limited to one small
intermittent stream originating in a dairy farm feed-lot
about 0.5 km north of the lake. In the spring, water flows
over a small dam at the outlet and 0.3 km west to Gull

Lake.
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Table 2. Comparison of morphometric and limnological

parameters for Lawrence and Wintergreen lakes.

Chemical parameters represent the annual range

(mg/1l) at 1 m depth.

Parameter (Barry Go.) (kalamazeo Co.)
Basin® Type 35 Type 36
Length (m) 342 544
Width (m) 224 375
Area (ha) 4.96 14.98
Volume (m>) 292,349 530,584
Maximum Depth (m) 12.6 6.3
Mean Depth (m) 5.89 3.54
Relative Depth (%) 5.01 1.44
Volume Development 1.42 1.69
Shore Development 1.29 1.15
UV-labile DON 0.07-0.22 0.50-1.37
UV-refractory DON <0.03 0.22-0.52
TDON 0.07-0.22 0.62-1.60
NO4 2.0 -3.0 0.005-1.34
NO, 0.014-0.025 0.012-0.040
NH, 0.01-0.21 0.005-2.32
Total Dissolved P 0.003-0.01 0.02-0.13
Total Dissolved C 3.45-7.43 6.0-9.1
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Table 2. Continued
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Lawrence Wintergreen)

Parameter (Barry Co.) (Kalamazoo Co.)
pH 7.91-8.47 7.3-9.5
Bicarbonate Alkalinity

(as CaCO3) 230-280 100-180
Conductivity (umhos,

25°C) 426-533 230-280
Ca 60-75 10-48
Mg 16-22 13-20
NaP 2-5 > 40
KP 1-3 > 3
8102 5-11 1-3
Feb < 0.005 > 0.01
SO4 30-40 20-25
Transparencyc (m) 2.5-8.8 0.4-3.7
Annual Mean Pelagic

Productivityb

(mg C/m2/da) 138.8 > 1200
Chlorophyll-a

(ug/1) 0.3-2.5 5.4-175.4

aAfter Hutchinson (1957).

b

c . as
Range of Secchi disc measurements.

Estimated for Wintergreen Lake.
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Dominance of the ionic composition in the water by
HCO,4, Ca, and Mg (Table 2) identifies both lakes as alka-
line hardwater lakes characteristic of those originating in
glacial till (Wetzel, 1966a, 1966b). Lawrence Lake is
deeper, less productive and more buffered than Wintergreen
Lake, however, concentrations of dissolved organic nitrogen
(DON), P, NH4, Na, Fe, SO4 and chlorophyll-a in Wintergreen
are frequently ten times those in Lawrence. Excepting the
interesting sustained milligram NO, concentrations in
Lawrence (discussed below) these criteria identify Lawrence
as oligotrophic and Wintergreen as polytrophic (Vollen-
weider, 1968). Annual mean productivity values identify
Lawrence and Wintergreen as oligotrophic and hypereutrophic
respectively (Wetzel, 1966a). This latter designation,
based on compression of the trophogenic zone to a point
where light rather than available nutrients limits pro-
ductivity (Vollenweider, 1960; Wetzel, 1966a) describes
conditions in Wintergreen during most periods of the year.
Wintergreen resembles other hypereutrophic lakes in having
an anoxic hypolimnion more than 8 months of the year and
rapid pronounced fluctuations in pH and other chemical
parameters diurnally and seasonally (Sloey, 1970).

Annual precipitation and snowfall in Barry and
Kalamazoo counties average 86.3 and 129.5 cm respectively
(U.S. Weather Bureau Records, W. K. Kellogg Biological

Station). Highest rainfall was received in the months of
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July, October and November. Rain during these months and
the spring thaw in January coincided with periods of maxi-
mum water levels in both lakes (Figures 4 and 5). Ice-
cover lasted from 7-15 December to 3-7 April on both lakes
but ice thickness on Wintergreen (42 cm max.) was always
greater than that on Lawrence (36 cm max.) owing to the

greater latent heat energy stored in the latter.

l. Temperature, Oxygen, pH

Temperature data for Lawrence Lake (Figure 4) re-
veals that it was second-order and dimictic (Hutchinson,
1957) with approximately two weeks of complete mixing in
November 1969 and one week of complete mixing immediately
following ice melt in April 1970. Hypolimnetic conditions
arising from strong thermal stratification and large volume
development (discussed below) resulted in less complete
mixing during April 1969 and November 1970. In past years,
incomplete mixing has given rise to temporary biogenic
meromixis in Lawrence (Wetzel et al., 1971). Following
spring overturn, Lawrence quickly became thermally strati-
fied with a well defined metalimnion between 5 and 6
meters. During the study period, maximum temperatures at
1l m (24-26 C) were reached during July and August.

Temperature data for Wintergreen (Figure 5) are
complicated by the change from Station A (4 m max. depth)
to Station B (6.3 m max. depth) in October 1970. At

Station A, mixing in the fall was complete throughout the
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water column for nearly two months prior to complete mix-
ing in the deeper waters, which was of three weeks dur-
ation. Data for both years illustrate Wintergreen was
second-order and dimictic but because of its lesser depth,
Wintergreen became thermally stratified more slowly with
a poorly developed metalimnion between 4 and 5 meters.
Maximum temperatures at one meter (26°C) occurred during
July and August and were sustained longer than maximum
temperatures at one meter in Lawrence.

Changes in Secchi disc transparency in Lawrence
were in close agreement with changes in 14C productivity
(Figure 6). From May to September 1970, the inverse of
Secchi disc transparency was highly correlated with
epilimnetic 14C productivity in Lawrence (r = 0.87, N = 13).
This correlation did not extend to periods of overturn
when large amounts of bottom sediment are resuspended from
the benthos (Rich, 1970a). Similar decreases in trans-
parency occurred in Wintergreen prior to fall overturn
(August-September) and ice melt (February-March) when mas-

sive blooms of Aphanizomenon and chlamydomonad p-flagellates

occurred respectively. Cyanophyta densities during August-
September 1969 and other observations prior to this period
(G. W. Saunders, Pers. comm.) showed blooms of blue green
algae found during the fall 1970 were not present in 1969;
hence the lack of decreases in Secchi disc transparency

during August-September 1969.
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Periods of maximum epilimnetic oxygen concentrations
(14 mg/l) in Lawrence coincided closely in time and depth
with 14C productivity maxima (Figure 6). Periods of mini-
mum hypolimnetic oxygen concentration (to 0.06 mg/l) in
October coincide closely with minimum hypolimnetic pH
values (to 7.53 units). Although complete oxygen data are
not available for Wintergreen, periodic Winkler determi-
nations indicated anoxia below 5 m depth most of the year.
The pH data (Figure 7) illustrate pH decreased progressively
at 5 meters after fall overturn and reached minimum levels
(7.2) just prior to spring overturn.

2. Macrophytes, Zooplankton,
Phytoplankton

Excepting the submerged marl bench in Lawrence
Lake and sandy east shore of Wintergreen, dense beds of
submerged macrophytes have colonized the entire substratum
to the depth of 1% light penetration in both lakes (about
7 m in Lawrence and 3 m in Wintergreen). In Lawrence, 42%
of the surface area supports submerged macrophytes. Nearly
79% of the macrophytic biomass consists of the water bul-

rush (Scirpus subterminalis Torr.) and 12% of two species

of Chara (Rich, Wetzel and Thuy, 1971). In Wintergreen,
about 72% of the basin is colonized by dense beds of sub-

merged Ceratophyllum demersum L., Myriophyllum exalbescens

Fernald, Potamogeton foliosus Raf., P. pectinatus L.,

Najas flexilis (Willd.) Rostk. and Schmidt and emergent
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Nuphar advena Aiton. Only 47% of the water volume does

not contact submerged or floating macrophytes in Winter-
green.

As part of a continuing intensive investigation of
phytoplanktonic, epiphytic algal, benthic and bacterial
metabolism in Lawrence (Allen, 1971; Rich, 1970a; Rich
et al., 1971; Miller, 1971; Wetzel et al., 1971), sub-
mersed macrophytes were shown to be responsible for 48%
of the annual photosynthetic carbon fixation by comparison
with fixation of the phytoplanktonic and epiphytic algal
floras. These values indicate macrophytic plants and
their associated littoral microflora dominate autotrophic
productivity in both lakes considered here and likely in
many hardwater lakes of shallow to intermediate depth
(Wetzel, 1964b; Davies, 1970; Allen, 1971; Wetzel and
Allen, 1971; Wetzel et al., 1971).

Other than a study of population dynamics of
natural Chydorid populations in the littoral zone of
Lawrence (Keen, 1970) and pelagic studies of Leptodora in
1969 (Cummins and Rowe, unpubl.), zooplankton of Lawrence
and Wintergreen has not been studied extensively. Previous
studies of the fish populations (Fetterolf, 1952) and
insect bottom fauna (Scheibner, 1958) in Wintergreen Lake

have been made. Abundant populations of Daphnia galeata

mendotae and D. pulex occasionally appear in June and
Leptodora was found at 0.l1/liter from June to August.

Casual observations throughout the year indicate most
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crustacean zooplankton in Lawrence Lake are copepods found
largely among the macrophytes and near the bottom. Zoo-
plankton in Wintergreen is generally much more abundant
than zooplankton in Lawrence Lake (to over 1500 indi-

viduals/liter). Smaller cladocerans (Alona, Chydorus)

predominate during the colder months but occasional high

densities of Daphnia galeata mendotae and Bosmina longi-

spina have appeared, usually in early summer. In July
and August, Chaoborus larva often appear in high numbers
at night.

Phytoplankton in Lawrence and Wintergreen lakes
may be readily distinguished on the bases of mean size and
percentage composition of the total algal volume by members
of the three major phyla (Figure 13; Table 4). In general,
blue-green algae and u-flagellate green algae predomi-
nated at 1 m depth in Lawrence producing standing crops
(u3/1) about 1/10th to 1/100th those present in Winter-
green during the same period. Phytoplankton in Winter-
green underwent marked succession beginning with small
flagellated Cryptophyta and Chlorophyta present in high
densities under the ice (perhaps explaining the name
Wintergreen).

Wintergreen Lake is a part of the Michigan State
University Bird Sanctuary and is a stopping point for some

10,000 Canada geese (Branta canadensis interior Linn.) and

similar numbers of smaller waterfowl in their annual
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migration to and from Canada. The lake also serves as a
permanent home for a resident flock of Canada geese estab-
lished by Mr. W. K. Kellogg in 1928 (Powell, 1956). By
contrast, Lawrence Lake is rarely visited by waterfowl,
probably as a consequence of less available food and
greater hunting pressure. Nutrients and dissolved organic
matter contributed by these waterfowl (Manny and Johnson,
in prep.) and differences in watershed character of
Lawrence and Wintergreen emphasize the influencial role

in lake productivity played by factors outside lakes.
These factors are believed to be a primary cause of
measurable differences in relative productivity discussed

below.
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IV. INORGANIC NITROGEN AND PHOSPHORUS

INTERACTIONS

A. Hypolimnetic Transformations

Many interrelated factors affect nitrogen trans-
formations in lake metabolism. Important physical factors
include the character of the watershed, basin morphometry
and mean depth (Thienemann, 1927), duration of winter and
summer stagnation (Yoshimura, 1935; Ricker, 1937; Hutchin-
son, 1938; Rawson, 1939; Deevey, 1955) and epilimnetic
temperature and light. Lawrence and Wintergreen lakes
differ greatly in mean depth and watershed character but
are similar in light energy received and epilimnetic
temperatures attained. Differences in aerial and allo-
chthonous contributions between the two lakes are probably
more important than morphometric and thermal characteristics
but of equal or lesser importance than duration of hypo-
limnetic stagnation and nutrient redistribution during
overturn.

Partial suppression of vernal circulation in
small, deep lakes is not unusual (Hutchinson, 1958:488)
and may be expected to result initially in decreased

epilimnetic productivity and higher initial hypolimnetic

35
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nutrient concentrations the following season. Temporary
meromixis occurred in Lawrence after spring overturn 1968
and 1969, however, data are not available to evaluate
whether higher than normal concentrations of nitrate and
ammonia appeared in the hypolimnion.

Data at 1 meter depth indicate ammonia decreased
at about the same rate in both lakes during March to May
1970 and 1971 while nitrate continued to accumulate
(Figures 8 and 9). Because ammonia levels dropped markedly
before nitrate levels both years, it is likely ammonia is
more readily utilized by phytoplankton under the ice in

early spring.

1. Lawrence Lake Nitrogen

Nitrogen changes throughout the water column in
many lakes are influenced by the formation and breakdown
of a thin layer of oxidized sediments--the oxidized
microzone (Mortimer, 1941, 1942). Because an oxidized
microzone can regulate the release of regenerated nutrients
into overlying waters, possible effects of an oxidized
microzone in Lawrence and Wintergreen lakes are discussed.
The discussion is hypothetical; no measurements were made
to confirm the existence of an oxidized microzone in
either lake.

An oxidized microzone is created by resuspension
of surface sediments during overturn (Mortimer, 1941,

1942, 1969; Vallentyne, 1955; Gorham, 1958; Hayes et al.,
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1958; Rich, 1970a). As bacteria deplete oxygen in the
sediments after overturn, oxygen depletion in the over-
lying waters begins (Kusnetzow, 1935). At this time, a
thin skin of oxidized sediments--the microzone--produces
oxidized ions which counter the upward diffusion of re-
duced ions and cause them to be precipitated, assimilated
or adsorbed in clearly defined strata beneath the upper
few millimeters of sediment. As hypolimnetic oxygen, pH,
and redox potential decrease, reducing bacteria generate
localized spots of reduced sediments in the microzone
around bits of organic matter fallen from above. This
produces a spotty or mottled appearance on the sediment
surface. As more organic matter reaches the sediments,
the microzone is eventually destroyed from above and
below. Thereafter, reduced ions may diffuse freely into
the water column aided by hypolimnetic currents (Hutchin-
son, 1941; McCarter et al., 1952) and eddy diffusion
currents, but restricted by critical pH, redox and density
gradients (Mortimer, 1941, 1942). Seiches may feature

in nutrient movements of larger lakes (Hutchinson, 1957;
Mortimer, 1969).

Oxygen data from Lawrence Lake indicate hypo-
limnetic concentrations during spring mixing in April
1970 would have been adequate to form an oxidized micro-
zone (Figure 8). Increased conductivity at 12 m during

May and June 1970 (Figure 8) relative to that which
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developed the previous winter suggest a microzone would
have disappeared more rapidly after fall overturn 1969
than after spring overturn 1970. Mortimer (1942) observed
reestablishment of an oxidized microzone after fall over-
turn in productive Esthwaite Water was inhibited by rapid
oxygen utilization in the oxidation of summer accumu-
lations of FeS. These events probably do not occur in
Lawrence Lake because fall mixing is usually very complete
and FeS has never been observed (R. G. Wetzel, personal
communication). Summer accumulations of FeS are likely
involved in similar events in Wintergreen after fall over-
turn, however, no data are available.

The absence of oxygen depletion below 2 mg/1l
during either winter during the study and the rapid rate
of oxygen depletion during June 1970 (Figure 8) suggest
a microzone would have disappeared more rapidly or to a
greater extent during summer stagnation than during winter
stagnation in Lawrence Lake. Lack of an oxidized micro-
zone may be inferred from physical examination of surface
sediments for the presence of black FeS deposits, a redox
potential less than 200 mv or the presence of ferrous
iron in overlying waters (Mortimer, 1941-1942).

Absence of the microzone may also be hypothesized
from hypolimnetic oxygen concentrations less than 0.5
mg/l (Mortimer, 1941-1942). This condition existed in

Lawrence from June to November 1969 and August to
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November 1970 but not during either winter stagnation
period. On this basis, an oxidized microzone may have
formed to various depths in the sediments during either
overturn in Lawrence Lake, but breakdown would have
occurred to a greater extent during summer stagnation
than during winter stagnation.

Rapid increases in nitrate and nitrite appeared
near the sediments during December to January 1970-71
(Figure 10). During this period, warmest temperatures
in the lake were present in the sediments (Figure 8C).
These observations suggest the sediments were a site of
active metabolism in Lawrence Lake during the winter.
Temperature differences of 1-2°C (Figure 8C) between sedi-
ments and overlying water may also have been adequate to
warm the overlying waters enough to generate convection
and eddy diffusion currents. If so, reduced ions emerging
from the sediments would have been carried into the water
column much more rapidly than they could move by molecular
diffusion (Mortimer 1941-1942). Such currents are probably
absent during the summer stagnation period because the
sediments are colder than overlying waters during the
summer months (Figures 8C and 9D).

Mortimer (1941-1942) and Hutchinson (1941)
characterized three stages in seasonal cycles of hypo-
limnetic oxygen depletion and redox potential in

euthrophic lakes which regulated nutrient release from
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Isopleths of nitrate (mg/1l), nitrite (ug/l1l) and
ammonia (ug/l) in Lawrence Lake from August

1970 to April 1971. Opaque area represents ice

cover to scale.
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the sediments. Stage I began after overturn and was
characterized by rapid reduction of hypolimnetic oxygen
to less than 2 mg/l and small increases in alkalinity,
conductivity and ferrous iron. Dissolved oxygen,
alkalinity and conductivity underwent similar changes
during May and December 1970 at 12 m depth in Lawrence
Lake.

Stage II was initiated by a rapid reduction in
redox potential and slower decreases in oxygen concen-
tration above the sediments to 250 mv and 0.5 mg/l re-
spectively. Rapid increases in alkalinity, conductivity,
Fe, P and turbidity followed. Ammonia production during
this stage was of even greater magnitude than nitrate
reduction which was, by then, nearly complete near the
sediments. These changes may have occurred during August
and September 1970 in Lawrence Lake.

Stage III was characterized by slower evolution
of solutes into overlying waters with subsequent accumu-
lation of nitrate and ammonia throughout the water column
under ice cover. This stage was evident after fall over-
turn in the nitrate data in Lawrence Lake (Figures 8 and
10).

Prior to overturn in November 1970, nitrate con-
centrations between 7 and 12 m had decreased nearly 10-
fold (Figure 10). Concurrent increases in nitrite and

ammonia in this stratum clearly suggest nitrate reduction
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occurred and resulted in ammonia accumulations at 12 m.

Reduction seems to have been nearly quantitative but a

difference between NO2 + NH4 in the 7-12 m stratum

(1400 pg/l) and nitrate concentrations prior to August

(> 2000 ug/l) may reflect ammonia loss during filtration.

Unless samples are acidified before filtration using HA

Millipore filters, ammonia may be lost as gas (A. Otsuki,

personal communication). In this work, less than one-

half atmosphere vacuum and glass fiber filters were used.
Evidence of nitrate reduction may also be drawn

from hypolimnetic oxygen and pH data at 12 m (Figure 6).

Nitrate reducing bacteria Pseudomonas denitrificans and

Denitrobacillus licheniformis are readily suppressed by

free oxygen (Thimann, 1963). Because oxygen concen-
trations and pH were at minimal levels while necessary
organic substrates (Thimann, 1963) were likely present
in ample amounts prior to fall overturn, conditions were
likely optimal for nitrate reduction.

After fall overturn, nitrification likely
occurred. Increased nitrate between 10-12 m in January
(Figure 10) coincided with rapidly decreasing ammonia
concentrations and increased nitrite below 5 m. Oxygen
concentrations and pH data for the January-February
period 1971 indicate aerobic, basic conditions prevailed

which would have encouraged the growth of Nitrosomonas

and Nitrobacter (Figure 6). These bacteria nitrify
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ammonia and nitrite optimally between pH 8.5 and 8.8

but function at 80% efficiency between pH 8.0 and 8.5
(Thimann, 1963). Because nitrate rapidly accumulated
between 10 and 12 m, nitrification was likely more rapid
after overturn than the reverse process prior to overturn.
As nitrification progressed, nitrate, nitrite and ammonia
increased below 5 m. Above this depth after mid-February,
biological utilization likely prevented further NH4 accumu-

lation (Figures 8, 14).

2. Wintergreen Lake Nitrogen

Wintergreen Lake became anaerobic below 5 m within
four weeks after spring overturn and was periodically
anaerobic below 2.5 m within six weeks after spring over-
turn. Hence, for most of the year and particularly in
late summer, hypolimnetic conditions in Wintergreen were
favorable for regeneration of ammonia. Possibly some
nitrate was produced. It is therefore unclear why ammonia
and nitrate were essentially undetectable at 1 m depth at
Station A from June to August 1970 (Figure 9). One expla-
nation is metalimnetic thermal stratification between 3
and 4 m was adequate to prevent transport of ammonia or
nitrate to 1 m depth. Another is nitrogen reaching 1 m
depth was completely utilized by dense algal populations
that were increasing continuously during this period
(Figure 18). Lastly, the ammonia may have evolved as gas.

The temperature isopleths (Figure 5) favor the first
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explanation. The latter explanation would have been most
likely when the water was warmest, well mixed, and
alkaline.

More complete data at Station B indicate nitrate
increased continuously at all depths under ice cover
(Figure 11). After brief accumulation between 4 and 5 m
in January, nitrite also increased at all depths.
Nitrification of ammonia apparently equaled ammonia pro-
duction from the sediments until mid-January. Thereafter,
ammonia was rapidly evolved from the sediments and
accumulated between 3 and 5 m.

3. Phosphorus in Lawrence and
Wintergreen Lakes

Phosphorus concentrations in Lawrence and Winter-
green lakes clearly differed. Total dissolved phosphorus
(TDP) in Lawrence very rarely exceeded 18 ug/l at any
depth whereas in Wintergreen, TDP was nearly always pre-
sent in concentrations greater than 20 ug/l (Figure 9).
TDP increased to 300 pg/l at 5 m in Wintergreen under
ice cover (Figure 11l).

Seasonal variation in TDP at 1 m in Lawrence was
evident on only one occasion. During overturn (7 November
1970), TDP doubled in concentration at 1 m for less than
two days (Figure 8B). In Wintergreen, TDP at 1 m in-
creased 7-fold to 140 upg/l1l under the ice in January

(Figure 11). 1Isopleth values in Figure 11 suggest TDP
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Isopleths of nitrate (mg/l), nitrite (ug/1),
ammonia (mg/l) and total dissolved phosphorus
(ug/1l) in Wintergreen Lake from October 1970

to April 1971.
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regeneration in Wintergreen is likely regulated by many
of the same factors as ammonia regeneration; coincident
with pH decreases to 7.2 (Figure 7), TDP began to accumu-
late between 4 and 5 m as did ammonia. During February
and April 1971, TDP decreased quickly at all depths until
only minimal concentrations (for Wintergreen) remained.

Total (raw water) phosphorus (TP) at 1 m under-
went 2-fold seasonal variation in Lawrence reaching maxi-
mum values in early August, early February and late June
--the period of maximum photosynthesis (Figure 6). 1In
Wintergreen, TP followed changes in TDP closely. Maximum
values were reached during February and March (Figure 9B)
during the spring phytoplankton bloom. Analyses are not
complete for June to November 1970.

Comparison of TP analyses by Dr. R, C. Ball on
surface water collected during 1955-57 near the outlet of
Wintergreen with values at 1 m during 1970 revealed maxi-
mum and minimum values have remained nearly the same for
16 years (Figure 9). Seasonal periodicity of the maxima
vary considerably from year to year. Additional data are
needed to evaluate whether the more extended duration of

high TP concentrations during 1969-1971 relative to 1955-

1957 indicate TP concentrations have increased in absolute

terms since 1955.
Comparisons made above suggest pelagic phosphorus

transformation in Lawrence Lake are damped by one or more
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mechanisms not operating in Wintergreen Lake. A possible
mechanism is postulated below (cf. Discussion) and evalu-
ated with respect to differences in productivity exempli-

fied by Lawrence and Wintergreen lakes.

B. Allochthonous Nitrogen and Phosphorus

l. Aerial Nitrogen and
Phosphorus

Aerial and allochthonous inputs of nitrogen and
phosphorus are being increasingly recognized as major
nutrient sources to small (Barica, 1970) and large
(Stephenson and Ball, 1969) lakes. Available data indi-
cate nitrogen and phosphorus from these sources were of
major importance to Wintergreen Lake.

Nitrate, ammonia and total phosphorus were measured
in newly fallen snow and month-old ice on Wintergreen Lake
on 18 January 1971. Concentrations (ug/l) in the snow
were: nitrate 1124; nitrite 16.3; ammonia 724 and
phosphorus 263. In the ice concentrations were somewhat
less. For example (ug/l): nitrate 435; nitrite 8;
ammonia 419 and phosphorus 108. These values are sur-
prisingly high but within ranges reported in the litera-
ture, i.e., in ug/l: nitrate 200-3000; ammonia 100-1600;
and phosphorus 10-1110 (Dahr and Ram, 1933; Fisher et al.,
1968; Bozniak and Kennedy, 1968; Barica, 1970; Taylor
et al., 1971). Because ice and snow melt when nitrogen

and phosphorus concentrations are high in the surface
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waters, nitrogen and phosphorus contributed by ice and
snow have largely been ignored in the past. This will
likely not be the case much longer because Deevey (1970,
1971) has now shown aerial contributions of ammonia and
nitrate are the major source to an entire watershed in
New Hampshire.

Aerial contributions of nitrogen and phosphorus by
waterfowl are believed to be the driving force behind the
high sustained productivity in Wintergreen Lake. Data from
Sylvester and Anderson (1964) showed single fresh and aged
wildfowl excreta (approximately 1-2 g dry weight) contained
on the average, 1.43 mg NO3, 10.3 mg organic nitrogen and
0.91 mg total phosphorus. Using an average winter density
of 3.5 excreta/m2 (Manny and Johnson, in prep.), nutrient
input per m2 during the winter alone would be 5.0 mg NO5,
36.1 mg organic nitrogen and 3.18 mg phosphorus. Excreta
from domestic waterfowl, which number more than 300 all
year on Wintergreen, are even higher in nitrogen and phos-
phorus content (Sanderson, 1953). Quantification of the
input by migratory waterfowl to Wintergreen awaits analysis
of several hundred excreta collected during January 1971
when some 400 late migrating Canada geese spent two days
on the ice before flying south (Manny and Johnson, in prep.).
These birds contributed 3.0 droppings per m2 over a 3000 m2
area during 4840 goose-use hours. Observations in March

1971 revealed about 3-4 droppings per m2 over the entire

lake surface. No estimate was made of nutrients contributed
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by the resident flock of some 100 Canada geese and 200
ducks. These birds receive a rich diet of corn provided

by sanctuary personnel at lakeside.

2. Lawrence Lake

Inorganic nitrogen entered Lawrence Lake from six
visible sources during spring run-off (cf. Figure 30, dis-
cussed below). Analyses of filtered water from each
source indicated water entering from the north marsh was
highest in nitrate and equal in ammonia to water origi-
nating in the northeast marsh. Nitrate concentrations at
stream Station A on 29 April 1971 were 8.76 mg/l. Nitrate
concentrations greater than 5 mg/l in unpolluted water
are generally found in ground waters receiving drainage
from barnyards or soils fertilized repeatedly (Hem, 1959;
Olsen et al., 1968). But 8.76 mg/l would not be regarded
as excessive if present only in the spring when nitrate
in stream waters is sharply higher (Fisher et al., 1968;
Taylor et al., 1970). Because cultivation of the surround-
ing watershed had not begun prior to 21 April 1971, high
nitrate concentrations were not caused by direct fertilizer
run-off. More likely, nitrate was generated in the sur-

rounding soils during winter nitrification by Nitrosomonas

and Nitrobacter of fertilizers applied the previous year.

Additional analyses in progress will identify and charac-
terize allochthonous inorganic nitrogen entering Lawrence

Lake. Data from April 1971 confirm that spring run-off
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was a source of high nitrate concentrations. No measure-

ments were made of phosphorus entering the lake.

3. Wintergreen Lake

During the study, Wintergreen received nitrogen
and phosphorus enrichment from five visible sources. 1In
order of importance they were: migrating Canada geese
and ducks; resident geese and ducks; a dairy feed-lot
effluent; domestic wastes from a public school and
fertilizer run-off from nearby cornfields. Quantitative
data on these sources is limited to one four-week survey
conducted prior to and after ice-off in spring 1970
(Table 3).

A continuous flow of feed-lot effluent (approx.

2 liter/min) entered the Dairy Lagoon (Figure 12) through-
out the study period. During periods of high run-off,
nitrogen and phosphorus entered the lake from this lagoon.
The School Lagoon (Figure 12) received a continuous flow
of domestic wastes of comparable volume from a nearby
public school. Nitrogen and phosphorus from this lagoon
likewise entered the lake during periods of high run-off.
Both lagoons were likely more important nutrient sources
in past years when they were used more extensively. Plans
are presently being laid to prevent either effluent from
entering the lake in the future.

The above sources were likely of greater relative

importance than fertilizer run-off from adjacent cornfields,
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however, the latter may be significant during the spring
when urea, liquid ammonia and granular nitrate fertilizer
are applied during planting of corn. No attempt was made
to quantify this source because movement of these ions

would have been largely underground (Olsen et al., 1968).

Vegetation in the lake and shallow lagoons was
much more effective in removing nitrogen, particularly
nitrate, than in removing phosphorus from water passing
through the system (Table 3). On all dates, Stations C
and D were 2-4 times higher in NH4 and total inorganic-N
than Station A or the outflow. On all dates except 9
April, Station D was highest in total inorganic-N.,

Dissolved phosphorus comprised 22-50% of total-P
on all dates at all stations (Table 3). Water at Station
A was usually higher than the other stations in both dis-
solved and total P. The most striking feature of the
survey is the apparent failure of vegetation in Winter-
green to remove dissolved or total P from water moving
through the system at this time of year. Seldom was
water at the outflow significantly lower in dissolved or
total P than the other three stations.

The survey revealed uniformly high nitrate,
nitrite, ammonia and phosphorus at all stations on all
dates. Only nitrate was reduced significantly during
passage through the lake and lagoon system of Wintergreen

Lake in the spring.



V. PARTICULATE ORGANIC NITROGEN

INTERACTIONS

In the following discussion, it will be important
to understand changes that occurred within the phyto-
plankton present in Lawrence and Wintergreen lakes. Brief
consideration is therefore given those aspects germane to
organic nitrogen transformations.

A, Lawrence and Wintergreen Lakes
Phytoplankton

Identification was normally carried only to genus
because primary objectives in their treatment were: (1)
assignment of each organism to one of the three phyla
common in algal blooms in temperate lakes, and (2) accuracy
in determining cell surface area (SA) and volume (V) of
individual colonies and cells. The latter objective was
met by measuring essentially every alga counted, particu-
larly those larger than 3 um maximum dimension; no pub-
lished algal volumes were used. Both SA and V were calcu-
lated because Mullin, Sloan and Eppley (1966) and
Strathmann (1967) have found carbon and chlorophyll
content is related more closely to cell surface area or

cell plasma volume than to cell volume. Observation of

61
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these precautions assured surface area and volume determi-
nations were accurate for later use in testing whether
cellular organic nitrogen content of phytoplankton may be
calculated from their carotenoid to chlorophyll a ratio

on a surface area or volume basis (Manny, 1969).

Mucilaginous colonies presented a problem. Per-
cent cell volume within the mucilage of each colony counted
was estimated visually (range: 0.5 to 100%). Surface
area was later calculated using colony dimensions. By
employing the percentage factor, only cellular volume
was calculated within each colony. Estimates of Cyano-
phyta colonial surface area and cellular volume are
realistic but estimates of Cyanophyta surface area/volume
ratios are overestimates.

The terms net and nanno were assigned to those
organisms of maximum dimension greater or less than 10 um
assuming the latter would pass through 10 um Nitex netting.
In actual practice, organisms larger than 10 pm sometimes
passed the 10 um Nitex but this discrepancy was counter-
balanced during periods of high nannoplankton densities
when organisms less than 10 pum tended to accumulate on
the 10 uym Nitex. My nannoseston and nannophytoplankton
categories are synonymous with the categories "nano-
plankton" (Yentsch and Ryther, 1958), "nannoplankton"
(Rodhe, Vollenweider and Nauwerck, 1958; Willen, 1961),

"ultraplankton" (Wetzel, 1964), "ultraseston" and
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"nannoseston" (Hutchinson, 1967), overlapping in size only
with the latter three categories.

Calculations based upon counts of samples from
only 1 m depth in both lakes were made from July 1969 to
March 1971. Results for 1970-71 (Table 4, Figure 13)
showed any of the three phyla could have been interpreted
as dominant at some point during the year, if only numbers,
surface area or volume were calculated. Comparison of all
three indices over the 13 months illustrated numerically
dominant organisms such as the net Chlorophyta in February
1970 comprised only a small fraction of the total net
volume during that period, an observation made previously
in English waters by Moss (1969). Absolute net and nanno
cell volumes in (um3/l) for most of 1970 appear in Figures
14 and 18.

In both lakes, nannophytoplankton comprised less
than 25% of total algal cell volume most of the year ex-
cept brief periods in December 1969 in Lawrence and
February to April 1970 in both lakes. Except March and
April 1970, nanno algal cell volume in Wintergreen was
generally about 10 times greater than total algal cell
volume in Lawrence Lake.

Percentage composition of each phyla within net
and nanno categories showed nanno numbers, SA and V in
Lawrence were predominantly Chlorophyta. Net numbers,

SA and V were usually about 2 parts Cyanophyta: 1 part
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Figure 13.
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Relative percentage abundance of net and nanno-
phytoplankton of the three major phyla by
numbers, surface area and volume per liter at

1 m depth in Lawrence and Wintergreen lakes

during 1970.

Ch
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Chlorophyta:1l part Chrysopyta. Net volume in Lawrence

was dominated by the Cyanophyta for most of 1970-71. This
latter result differs markedly from observations made by
Dr. H. L. Allen throughout 1967-68; Cyanophyta were totally
absent in Lawrence at 1 m depth except during August and
September (R. G. Wetzel, personal communication).

Numbers, SA and V corresponded more closely within
net and nanno categories in Wintergreen than in Lawrence.
Seasonal succession was also more evident in Wintergreen;
populations changed from early dominance by small
Chlorophyta to summer dominance by Cyanophyta and re-
turned to mixed Chlorophyta and Chrysophyta dominance
after fall overturn and under the ice. During the summer
of 1969, few Cyanophytes were found in Wintergreen surface
waters (G. S. Saunders, personal communication).

Nanno Chlorophyta responsible for the spring bloom
in Wintergreen during February and March 1970 were a mix-

ture of six Chlamydomonas species. Extension of this

initial bloom through April and May 1970 was effected by
the development of many small (4 x 8 um) semi-elliptical
Cryptomonad forms. Because these latter algae were in-
cluded among the Cyanophyta, rapid increases in nanno
Cyanophyta numbers, SA and V appear in Figure 13 in early

April, 1970.
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B. Lawrence Lake Particulate Nitrogen

More than 50% of total sestonic-N was present in
the nannoseston fraction on 26 of 45 sampling dates during
1970 (Figure 14). At no time did nannosestonic-N comprise
less than 25% of total sestonic-N. Maximum sestonic-N
values during 1969-1970 occurred in September and November
1969 (112 and 97 ug/l respectively) and in March and April
1970 (108 and 95 ug/l respectively). These maxima corres-
ponded more closely with changes in total algal cell volume
than with changes in nanno algal cell volume. Minimum
nanno and total sestonic-N values appeared during January
1970.

In Lawrence Lake, total algal cell volume was
nearly always 10 times greater than nanno algal cell
volume. The latter comprised more than 25% of the total
on only 11 of 58 sampling dates, namely in December 1969
and February to May 1970. This result differed markedly
from the sestonic-N results. Whereas nanno algal cell
volume rarely comprised more than 25% of total cell volume,
nannosestonic-N always comprised more than 25% of total
sestonic-N. Several explanations are possible.

Arbitrary division of phytoplankton during micro-
scopic examination may have excluded a significant portion
of cells larger than 10 uym that passed the 10 uym Nitex
on most sampling dates during the year. In retrospect,

it would be very difficult to quantify to what extent



Figure 14.

70

Total sestonic nitrogen, nannosestonic nitrogen
and percentage nannosestonic nitrogen with
total algal cell volume, nanno algal cell
volume and percentage nanno cell volume at 1 m
depth in Lawrence Lake from July 1969 to

October 1970.
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this set of data is confounded by the passage of net-
phytoplankton. Further problems are presented in that
nets retain particles smaller than their stated porosity
at the same time they pass larger particles (Sheldon and
Sutcliffe, 1969). Seasonal changes in the various phyto-
plankters present in the two categories also enter into
the problem. During some periods, an assortment of larger
forms were present which could pass the net. In other
periods, only very large netphytoplankters were present
which almost surely did not pass the net. This problem
will not be resolved without a more thorough program of
immediate microscopic examination of both fractions as
separated daily by the 10 um Nitex.

Another explanation of the high nitrogen content
of nannoseston may be that nonalgal, nitrogen-rich material
that passes 10 um Nitex may be present in Lawrence and
Wintergreen seston most of the year. Microscopic exami-
nation of many preserved whole water samples did not sup-
port this possibility. Nonalgal material was seldom
present in high quantities in samples from either lake.
On the other hand, occasional microscopic examinations
of unpreserved whole water samples secured during algal
blooms and overturn in Lawrence often revealed numerous
aggregates of crystalline material which disappeared when
Lugol's acid-iodine preservative was added. Individual

crystals of this material varied from the limit of
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resolution to about 20 uym maximum dimension. Subsequent
X-ray diffraction analyses by W. S. White identified
similar material as CaCO3. If DON rapidly adsorbs to
such particles in situ as demonstrated with water from
Lawrence Lake in the laboratory (Wetzel and Allen, 1971),
coatings of nitrogen-rich material were likely present
in Lawrence Lake during blooms and periods of overturn.
Efforts were not made to test this possibility further
because seasonal changes in particle abundance could not
be evaluated in retrospect.

Lastly, nannophytoplankton may be nitrogen-rich
relative to netphytoplankton. This possibility was tested
by dividing net and nannosestonic-N values by net and
nanno algal cell volume present on each sampling date.
Results showed nannophytoplankton contained about 10 times
more nitrogen than netphytoplankton per unit cell volume.
On all dates except late February, March and April 1970,
nannophytoplankton in Lawrence Lake contained more nitro-

gen per unit cell volume than netphytoplankton (Figure 15).

C. Wintergreen Lake Particulate Nitrogen

Nannosestonic chlorophyll a comprised more than
50% of total sestonic chlorophyll a on all sampling dates
except five from July 1969 to May 1970 (Figure 16). From
May to September 1970, nanno chlorophyll a comprised less

than 30% of total sestonic chlorophyll a. 1In April 1970,
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during the explosive development of a Chlamydomonas-

Cryptomonas bloom, 80 to 97% of total sestonic chlorophyll

a was present in the nannoplankton.

Total and nannosestonic-N followed much the same
pattern as chlorophyll a (Figure 17). More than 50% of
total sestonic-N was present in material passing the 10
um Nitex on 24 of 45 sampling dates. Maximum nanno-

sestonic-N values appeared during a Chlamydomonas bloom

in November and December 1969 and during the Chlamydomonas

bloom in February and March 1970.

Relative nitrogen content in the net and nanno-
phytoplankton size categories was also tested using data
from Wintergreen Lake. Nanno algal cell volume usually
comprised less than 10% of total algal cell volume in
Wintergreen (Figure 18) but nannosestonic-N comprised
more than 50% of total sestonic-N most of the year (Figure
17). Nannophytoplankton was nitrogen-rich relative to
the netphytoplankton per unit cell volume on 53 of 58
sampling dates (Figure 19).

Because nannophytoplankton are commonly held to
be metabolically more active than netphytoplankton owing
to higher SA/V ratios, this ratio was calculated for net
and nannophytoplankton in both lakes throughout 1970-71
(Figure 20). Nannophytoplankton ratios were less vari-
able than netphytoplankton ratios in both lakes, but
netphytoplankton frequently had ratios greater than

nannophytoplankton present on the same date.



Figure 17.
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Organic nitrogen content of the total seston
and nannoseston and percentage nanno organic
nitrogen at 1 m depth in Wintergreen Lake from

July 1969 to September 1970.
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Figure 18.
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Total algal cell volume, nanno algal cell
volume and percentage nanno algal cell volume
per liter at 1 m depth in Wintergreen Lake

from July 1969 to September 1970.
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Figure 20.

85

Algal surface area to volume ratios for net
and nanno size categories in Lawrence and
Wintergreen lakes at 1 m depth from February

1970 to February 1971.
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These data differ from the conventional approach
of calculating SA/V for individual cells in that they
represent composite SA and V within the net and nanno
size categories, which are the summation of many individual
SA and V values. After summing SA and V for all individual
cells and colonies in the net and nanno categories in a
given sample, net and nanno SA were divided by net and
nanno V respectively. Inherent in the ratios of net-
phytoplankton are overestimates of colonial SA/V, when
colonies were present, such as during August and September
in both lakes. The best demonstration of net phytoplankton
ratios greater than those of the nannophytoplankton was

provided by the Asterionella bloom in November and Decem-

ber 1970 in Wintergreen. During this period Asterionella

was dominant, yet net SA/V remained above that of the
nannophytoplankton between values of 2 to 5.

One might conclude from these data that the con-
ventional argument likely holds when applied individually
to small phytoplankters, but it may not hold when applied
to populations of larger colonial phytoplankters such as

Asterionella that have adapted successfully to the plank-

tonic existence by increasing their SA/V ratio. Additional
tests of this hypothesis using various colonial and spined

netphytoplankters such as Schroederia, Fragilaria, and

Synedra and a scanning-electron microscope to estimate

true surface areas would be guite interesting.
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VI. DISSOLVED ORGANIC NITROGEN

INTERACTIONS

A. Introduction

Dissolved organic nitrogen (DON) was found in lake
water at concentrations six times greater than particu-
late organic nitrogen over 48 years ago (Birge and Juday,
1922). Since 1922, understanding of particulate organic
nitrogen in lake metabolism has advanced while understand-
ing of DON has not because DON rarely exceeds 0.5 mg/1l
and can not be concentrated conveniently. Recent studies
of the nitrogen cycle give only passing mention to DON
transformations (Kusnezow, 1959; Neese et al., 1962;
Dugdale and Dugdale, 1965; Billaud, 1968; Barica, 1970).

High intensity ultraviolet combustion of lake
waters has recently been used to obtain 100-fold increased
sensitivity over the micro-Kjeldahl procedure (Manny,
Miller and Wetzel, 1971). This technique measures DON
at natural concentrations and permits characterization of
UV-labile and UV-refractory DON fractions in a variety of
lake types.

Mechanisms controlling cycling rates of dissolved

organic compounds are intimately related to the regulation

88
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of lake metabolism and rates of eutrophication (Wetzel,
1965, 1966, 1967, 1969, 1970; Wetzel and Allen, 1971).
Because DON is rapidly cycled between producer and de-
composer organisms and because DON is likely responsible
for complexing with many essential trace metals and plant
nutrients, studies of DON function and interaction should
provide fundamental insight into the regulation of bio-
geochemical cycles, photosynthesis and energy flow in
lake metabolism.

Seasonal measurements of UV-labile (LDON) and UV-
refractory dissolved organic nitrogen (RDON) in six
Michigan lakes are compared below to illustrate relation-
ships between DON and lake productivity. Results are
summarized in a diagram of pelagic DON interactions
believed to regulate aquatic photosynthesis in hardwater
lakes (cf. Figure 32, below).

l. Previous DON Analytical
Techniques

Attempts to characterize DON in fresh and brack-
ish water have employed evaporation followed by micro-
Kjeldahl digestion (Domogalla, Juday and Peterson, 1925;
Domogalla and Fred, 1926; Birge and Juday, 1934; Rainwater
and Thatcher, 1960; Robertson and Powers, 1968); phos-
photungstic acid precipitation (Domogalla et al., 1925);
sodium decomposition (Shapiro, 1957); evaporation, gel-

filtration (Sephadex), ion exchange or dialysis followed
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by colormetric or chromatographic amino acid analysis
(Peterson, Fred and Domogalla, 1925; Schirmann, 1964;
Brehm, 1967; Sieburth and Jensen, 1968; Litchfield and
Prescott, 1970; Gocke, 1970; Wetzel, unpublished); kinetic
biocassay of added amino acids (Hobbie, Crawford, and

Webb, 1968; Hobbie and Crawford, 1969); and 15

N labeling
(Jones and Stewart, 1969a, 1969b).

Each of these techniques has certain shortcomings.
Evaporation, ion-exchange and chromatography are time-
consuming and only semi-quantitative. Measurement with
15N still involves a concentration step, is somewhat
cumbersome and is expensive. Amino acid analysis, al-
though subject to some of the above problems, is most

14C-labeled compounds may be employed and

useful because
specificity gained.

In the above studies, almost no attention was
given to peptide and colloidal DON, which usually comprise
80% or more of the DON in natural waters (Brehm, 1967;
Gocke, 1970), and no specific attention was given to com-
plexing capacity of DON. These limitations hindered
dynamic analysis of DON pools in situ and produced de-
scriptive studies. The more important questions of
possible regulation of photosynthesis by DON and bacterial
metabolism of all DON fractions have been ignored. Until

the board outlines of functional DON interactions in lake

metabolism are known, simple characterizations of DON
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fractions and correlations of "chemical biomass" with

observed biological events will be only partly elucidating.

2, UV Combustion

Ultraviolet combustion was originally developed
for organic nitrogen determinations in seawater (Armstrong,
Williams and Strickland, 1966; Armstrong and Tibbitts,
1968; Strickland and Parsons, 1968; Esumi and Saijo, 1969).
Although UV combustion lacked the specificity of component
analysis, this was compensated for by increased sensitivity,
eliminating the need for concentration, and complete one-
step recovery of all organic nitrogen, whatever its chemi-
cal nature. For freshwater applications the procedure was
modified to include ammonia analyses because combustions
NO

of DON in freshwater produced a mixture of NO and

3 2'
NH4 (Manny, Miller and Wetzel, 1970). Constant pH and
oxygen tension were maintained during combustion to achieve
uniform results. As modified, the technique offers 100-
fold increased sensitivity over micro-Kjeldahl determi-
nations (lower limit of 200 pg DON 1-1) and differenti-
ation of labile and refractory DON fractions in lake

waters on the basis of UV combustion rate and different

combustion end products.

3. DON Production

Analysis of "functional," i.e., metabolic,

organic constituents in natural waters increasingly appears
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to offer a new dimension in understanding dynamic aspects
of lake metabolism (Hood, 1970). 1In lake metabolism, DON
is involved in the processes of production (photosynthetic
and allochthonous), utilization and transport-cycling
(complexing, turnover time, etc.). Overall, it is im-
portant to realize that while dissolved organic substances
enter lake water as transients, they exist therein as
dynamic intermediates.

The few existing freshwater studies of in situ

autotrophic dissolved organic matter production have dealt
almost entirely with the release of organic carbon (Fogg,
Nalewajko and Watt, 1965; Allen, 1969, 1971; Watt, 1966).

Only Watt (1966) documented in situ autotrophic DON pro-

duction (alanine, serine, and glutamic acid) under natural

conditions by assemblages of Nitzschia palea, Stephanodiscus

hantzschii, Scenedesmus quadricauda and Ankistrodesmus

falcatus. Other evidence of DON production has been ob-
tained by culturing marine and freshwater algae. Fila-

mentous blue-green algae, especially Anabaena cylindrica

and members of the genus Calothrix, were among the first

shown to release DON (Fogg, 1952, 1953; Watanabe, 1951;
Whitton, 1965). Free amino acids (aspartic > glutamic >
alanine) and a polypeptide capable of complexing 0.324 mg
copper per mg peptide-N, as well as Fe and PO4 ions, were

released by Anabaena cylindrica (Fogg and Westlake, 1955).

Another freshwater blue-green alga, Microcystis aeruginosa,
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releases a poisonous mixture of five polypeptides (Bishop,
Anet and Gorham, 1959; Gorham, 1964). In addition, diatoms
release glutamic acid, alanine, valine and serine (Watt,
1969) while members of the Chlorophyta release free amino
acids (mostly aspartic and glutamic acids), peptide and
colloidal DON (Brehm, 1967; Gocke, 1970).

Among the marine algae, the Cyanophyta and
Chlorophyta release free amino acids (largely alanine,
serine and threonine) (Stewart, 1963; Hellebust, 1965)
and peptide-N (Jones and Stewart, 1969b). DON released
by Calothrix may comprise up to 64% of all nitrogen fixed.

In general, conditions influencing DON production
by algae are light intensity, deficiencies of K, Fe or Mo,
age of the culture and previous nitrogen nutrition. Re-
lease can occur in the light and in the dark (Watt, 1969).
Under an alternating 16:8 hr light-dark regime, axenic

Scenedesmus quadricauda produced the three DON fractions

in relative proportions of 1 free amino-N: 5 peptide-N:
4 colloidal-N. Conditions conducive to DON release and
how the above parameters affect the relative proportions
of the three fractions are presently unknown.

Although excretion of NH,, urea and amino acids
is common among marine invertebrates including zooplankton
(Nicol, 1967), DON release by freshwater zooplankton has
apparently gone unrecorded. If freshwater zooplankton

release DON, the pattern may resemble that of their marine
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counterparts. Dissolved nitrogen released by marine
zooplankton is 60-100% ammonia with some urea and lesser
amounts of glycine, taurine and alanine comprising the
remainder (Johannes and Webb, 1965; Corner and Newell,
1967; Jawed, 1969; Webb and Johannes, 1967, 1969; Butler,
Corner and Marshall, 1970). The release was directly
proportional to temperature and sufficient to account for
concentrations of these amino acids normally found in sea-
water.

Studies of DON originating from natural allo-
chthonous and benthic sources are also rare. Brehm (1967)
observed a marked increase in high-molecular weight pep-
tides in surface waters of the Pluss-See following autumn
leaf-fall, but the chemical nature of nitrogen in soils
washing in with each rain is not yet fully known. Steven-
son (1954) found 79-81% of the total nitrogen in three
soils was acid-soluble; 30% was alpha amino nitrogen.
Nitrogen as free amino acids in soils is unlikely because
soils contain a wide selection of metabolically active
micro-organisms which utilize amino acids. This has been
confirmed chemically (Sowden and Parker, 1953) and
biologically (T. Gray, personal communication). Electro-
phoretic patterns of organic colloids extracted from clay
soils did not disclose any free proteins. Other investi-
gators have found amino acids are in or associated with

the humic acid fraction extractable from soils (Breger,
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1963). Recent studies have disproved the common belief
that nitrogen in humic acids was derived from undecomposed
proteins (Manskaya and Drozdova, 1968). Nitrogen in humic
acids is now believed to originate from plants and bac-
teria as amino acids which enter into the humic structure
by a condensation reaction between the amino acids and
aromatic carbohydrate portions of the molecule (the
melanoidin reaction). This reaction has been studied
extensively at normal to high temperatures with a variety
of naturally occurring compounds such as chitin and
glucosamine. Reaction products (melanoidins) have the
same C:N ratio (10:1) as humic acids.

Soluble humic substances of terrestrial origin
contain an average of 3-5% organically bound nitrogen
(Otsuki and Hanya, 1967; Kononova, 1961). Dark brown to
cherry-red "newly formed" humic acids produced by cultures
of molds, fungi and actinomycetes grown on glucose and
mineral salts contained 2.8% nitrogen (Konova and Alexan-
drova, 1968) and upon hydrolysis yield the same amino
acids obtained by hydrolysis of natural soil humic acids
(Manskaya and Drozdova, 1968:57). Melanoidins produced
by the reaction of glucoseamine and glycine contain
19.96% N. During the reaction, fluorescent intermediates
are formed which may be the source of fluorescent compounds
that wash into Lawrence Lake after a rain (Miller, 1971).

Plants of the littoral zone of lakes also play an important
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role of producing and processing DON entering the pelagic
ecosystem (Wetzel and Manny, 1971).

Until recently, because of difficulties associated
with culturing aquatic macrophytes, DON release by higher
aquatic plants had not been observed. Axenic cultures of

the littoral macrophyte, Najas flexilis have now been ob-

served to release up to 100 upg DON/dry g/da which is 98-
100% UV-labile in completely defined inorganic media
(Wetzel and Manny, 1971). DON release appears to be inti-
mately linked to external physiological parameters such as
temperature, pH and ionic concentration.

Only a few workers have studied the production of
dissolved nitrogenous compounds during decomposition of
particulate materials by natural bacterial flora. Of
these, the work of Otsuki (1968) is most interesting be-
cause he characterized two butanol-extractable fractions
(IR spectra) one of which is a mixture of proteins which
can be aggregated to support immature guppies (Poecilia

reticulata) and Daphnia carinata for extended periods (A.

Otsuki, personal communication).

4., DON Utilization

DON production would have little impact on
bacterial-autotrophic metabolism and pelagic productivity
if it were not utilized by bacteria and autotrophs or did
not affect the availability of nutrients needed for their

growth. Studies have shown DON is utilized to some extent
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by many pelagic organisms but data for in situ DON utili-
zation rates by pelagic organisms is almost completely
lacking.

Vitamins, urea and amino acid utilization is well
documented among terrestrial plants (McKee, 1962) and
freshwater algae (Provasoli and Pinter, 1960; Provasoli,
1960; Danforth, 1962). Aspartic acid, succinamide and
asparagine were among the compounds most rapidly utilized
as the sole N-source by fourteen species of Chlorophyta

(Algeus, 1950a, 1950b). Scenedesmus and Chlorella have

also been shown to utilize glycine (Algeus, 1948) urea
and uric acid (Hutner and Provasoli, 1964; Hodson and

Thompson, 1969). This ability of Scenedesmus and Chlorella

to utilize a wider variety of organic substrates may
partially explain their predominance in sewage lagoons

(Allen, 1955). One Cyanophyte (Aphanizomenon gracile) has

been shown to utilize amino acids from casein peptone
(Brehm, 1967). Gocke (1970) showed a selective active
uptake mechanism for asparagine and glutamine was present

in Scenedesmus quadricauda in addition to a passive uptake

mechanism for threonine, serine, glycine and alanine.

Work with marine phytoplankters has shown require-
ments for thiamine, biotin and wvitamin B12 by representa-
tives of virtually all phyla (Droop, 1957). A wide variety
of DON are as suitable as inorganic-N sources for growth

of centric diatoms (Provasoli, 1960; Guillard, 1963),



98

pennate diatoms (Lewin, 1963), and many chrysomonads
(Pinter and Provasoli, 1963, 1968). Amino acid uptake
rates from mixtures at natural concentrations are rapid
but selective, governed by sustainable, non-inducible
active transport mechanisms and related to rates of co,
photoassimilation and concentrations of inorganic nitrogen
sources (Provasoli and McLaughlin, 1963; Eppley and
MaciasR, 1963; Hellebust and Guillard, 1967; Dooren de
Jong, 1967; Kretovich, Evstigneeva and Tomova, 1970; North
and Stephens, 1967, 1968). These latter authors present
convincing data in support of the hypothesis that, under
some conditions, algal uptake of organic solutes is pro-
portional to reduced N, not reduced C, requirements. This
hypothesis could explain the slow natural glucose and
acetate uptake rates of some marine and freshwater algae
attributed to diffusion (Wright and Hobbie, 1965, 1966;
Hobbie and Wright, 1965), but would not explain the active
carbon uptake by algae observed at substrate concentrations

> 10 mg 171

(Hobbie, personal communication).

Most of the above studies present little evidence
on direct algal utilization of higher molecular weight
nitrogenous compounds (peptides, and colloidal-N) excreted
by algae at concentrations higher than those of the free
amino acids (Brehm, 1967; Gocke, 1970). Furthermore,

virtually all uptake studies have been conducted in axenic

culture at very high substrate concentrations. Results
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of these studies are, therefore, likely not representative
of events in situ (Fogg, 1959, 1966).

Because of difficulties encountered in isolating
root and stem systems and in obtaining axenic plants, data
on DON utilization by aquatic macrophytes are few. Wetzel
and McGregor (1968) demonstrated marked growth stimulation

by Najas flexilis in cultures containing up to 15 ug l-1

vitamin 812 but no stimulation using thiamine or biotin.

Similar negative results were obtained with Lemna minor

using vitamin B, by Gorham (1941, in Sculthorpe, 1967).

More recently, Najas flexilis in culture has been shown to

assimilate three amino acids from nearly natural concen-
trations at rates approximating those of bacteria (Wetzel,
in prep.).

Uptake of amino acids by zooplankton appears to
be negligible (Johannes, Coward and Webb, 1969), however,
indirect uptake via ingestion of DON absorbed on detritus
and organic aggregates may be significant (Otsuki, Hanya
and Yamagishi, 1969). Organic aggregates do occur
naturally in seawater (Riley, 1963) but their formation
by aerating algal culture filtrates is dependent on the
presence of bacteria (Barber, 1966; Jones and Stewart,
1969b). When produced artificially by aeration of
filtered seawater, organic aggregates supported Artemia
salina twice as long as a starved cohort, but not for an

entire life cycle (Baylor and Sutcliffe, 1963).
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Bacteria are important in ecosystems because of
their role in biogeochemical cycles. The "principle of
microbial infallability" states that bacteria can decom-
pose almost any organic molecule, regardless of its com-
plexity (Alexander, 1964). All nitrogenous molecules are
not, of course, degraded at the same rate. Excepting
some nucleic acids (Brock, 1970), large colloids and
peptides are first reduced to simple peptides or amino
acids by exopeptidases activated by Mg, Mn or Fe, before
crossing the membrane (Doelle, 1969). Substrate uptake
(utilization) then proceeds by active transport (Kay and
Gronlund, 1969) depending on substrate lability, i.e.,
how little energy need be expended by the cell to trans-
form it into a product suitable for necessary syntheses
or metabolic function. Utilization of nitrogen sources
would then proceed: colloids < peptides < amine > NH, >
NO, (Doelle, 1969; Brock, 1970).

In lakes, most bacteria are found growing
epiphytically, epibenthically and on suspended
clay-particle surfaces (Brock, 1966). In contrast to
a planktonic existence, this habit would encourage faster
growth because dissolved organic compounds and NH4 adsorb
to these surfaces but, at present, the relative importance
of surface bacterial colonization in lake nitrogen metabo-
lism is unknown. In the pelagic system DON utilization

by bacteria may be significant owing to the very great
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surface area offered within any water volume by the many
organic and inorganic micro-particles.

Bacterial nutrition has been studied conventionally
after isolation on growth media to amplify otherwise un-
measurable responses (Botan, Miller and Kleerekoper, 1960).
This approach is unsuitable for measuring natural in situ
substrate utilization both technically and because exist-
ing isolation media are probably suitable for less than
10% of the bacteria effecting DON transformations in lakes
(Stumm-Zollinger, 1968; M. Klug, personal communication).
These conditions give added credence for the need of
experimental approaches such as that of Hobbie, Crawford
and Webb (1968), corrected for respiration (Hobbie and
Crawford, 1969), in which natural uptake rates for simple
amino acids were estimated in situ.

Although new techniques are being developed to
better characterize in situ bacterial nutritional require-
ments (Fonden, 1969; Perfil'ev and Gabe, 1969; Caldwell
and Hirsch, 1971), few attempts are being made to expand
the in situ rate approach using other amino acids or more

refractory peptide and colloidal DON.

B. Methods

Analytical precision and accuracy of the NO3 and
NO,, technique in DON measurement are high; minimum de-

tectable amounts in a 1 cm cell + two standard errors

1

were 3-8 + 1.76 ug 1'~ (N = 6). Ammonia determinations
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(Solorzano, 1969) in calcareous lake water in a 1 cm cell

were nearly as precise (5-12 + 1.93 ug 171

, N =6) but a
standard amount of ammonia added to subsamples of combusted
water was not consistently recovered owing to the method's
sensitivity to changes in pH and reagent addition sequence
(Harwood and Huyer, 1970a, 1970b) and possibly ammonia
adsorption to suspended monocarbonate particles (Toetz,
1970). For this reason, internal standards of 100 ug l_l
NH4 were included with each sample sequence from each lake
or stream to assess a factor by which ammonia values were
corrected for incomplete recovery. Recovery of added
ammonia in Lawrence Lake water varied from 30 to 100%
(mean: 79.1%, N = 31) and was consistently less than re-
covery in water from Wintergreen Lake (range: 40 to 100%,
mean: 83.9%, N = 29).

Because only one sample was routinely combusted
from each lake on any date, it was not possible to esti-
mate field sampling variance or the significance of changes
in DON between dates. On one occasion (7 November 1970),
duplicate water samples from 12 m in Lawrence were com-

busted giving RDON values of 148 and 242 ug N 171 ana

LDON values of 108 and 135 ug N 171, on two occasions,

samples were collected within 2-3 days of each other at
the same station and depth. Between 17 and 20 February
1970 at 1 m in Duck Lake, RDON changed from 252 to 155 ug

1 1

N 17° and LDON from 304 to 351 ug 1°~. Between 7 and 9
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November 1970 at 1 m in Lawrence Lake, LDON changed from
168 to 151 ug N 1-1. Future measurements of DON will
include replicate samples at several depths and stations
on Lawrence and Wintergreen lakes to better estimate
seasonal variations in DON statistically.

During 7.5 months storage of a filtered, acidified
sample (pH 3.6) in the dark at 4°C, no biological activity
was evident visually. Following storage, 41% of the LDON
detected initially in the sample was detected as RDON.
Total DON remained unchanged.

Duplicate subsamples removed from the combustion
unit at 0.0, 0.25, 0.5, 1.0 and 2.0 hr during each com-
bustion permitted statistical comparison of critical
differences between initial and final RDON and LDON values.
Routine tests of significance were made (p = 0.05) between
initial and final values using the least significant
difference test (Steel and Torrie, 1960). RDON and LDON

values given here are significantly different from zero

unless otherwise noted.

C. Results

l, UV-labile and UV-refractory DON

Previous work showed DON release and the final
product distribution of DON between NO3, NO, and NH4 were
a function of: (1) the molecular nature of the DON, (2)

the concentration of total dissolved organic carbon
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(TDOC) , and (3) the inorganic salt concentration (Manny
et al., 1971). The basis for fractionation is that only
half the UV light energy required to break C = N bonds
(93 kcal/mole) is required to break C - N bonds (48 kcal/
mole) (McLaren and Shugar, 1964). Under acidic, oxygen-
ated conditions C - N nitrogen appeared first in solution
(15-30 min) as NH, and was not oxidized. After 30 min
irradiation, C = N nitrogen appeared in solution as a
mixture of No2 + NO3 reaching maximum concentrations
within 2.0 hr. This differential rate of NH, and NO3 + NO2
release was closely related to but not synonymous with
the number of single C - N bonds and aromatic (ring) C = N
bonds in the DON (Manny et al., 1971). Hence, aromatic
nitrogen atoms require longer UV exposure for recovery.
Additions of amino acids, nitrite and glucose to
mixtures of ammonia, nitrite and nitrate in distilled
water and lake water prior to and during irradiation for
2 hr revealed: (1) complete recovery of C - N as NH,,
(2) the ratio of NO;:NO; + NO, was a constant (0.75)
unless altered to another equilibrium value by other
solutes in the lake water. This ratio could be altered
from the final equilibrium value by adding nitrite but
the 0.75 equilibrium quickly became reestablished, and
(3) the rate of U—l4C—glycine oxidation was retarded in
proportion to the concentration of TDOC and inorganic
salts in solution, including N03, NO2 and NH4 (Manny et al.,

1971).



105

Recovery of glycine-N added to distilled water
solutions and water collected from Wintergreen Lake on 28
April 1970 was determined after 0.5 hr irradiation. An
inverse relationship was found between glycine-N recovery
and increasing TDOC concentrations (Figure 21). Similar
measurements were made weekly during combustions of water
from Lawrence and Wintergreen lakes. Consistently, 60-90%
of final (2.0 hr) LDON in both lakes was recovered after
0.5 to 1.0 hr whereas less than 75% of final RDON appeared
during the same period (Figure 22). DON in Lawrence was
most labile (most readily decomposed) during late June,
August through September and October but more refractory
during mid-May and December through January when a pro-
gressive decrease in DON lability occurred. No consistent
relationship emerged between changes in DON lability and
percent reduction of nitrate to nitrite. This reduction
was a feature of each combustion of water from Lawrence
Lake (Figure 23). It is presently unclear why nitrate is
reduced to nitrite during combustion of water from Lawrence
Lake. Perhaps reduction is related to the high nitrate
levels and nature of dissolved organic compounds in
Lawrence. During the spring, nitrate reduction also
occurred during combustions of water from Gull and
Wintergreen lakes (Figure 24).

LDON levels in Wintergreen were always 5-10 times

higher than those in Lawrence and LDON in Wintergreen was
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Figure 22,

108

Percentage of final (2.0 hr) LDON and RDON
release and percentage of final NO3 reduction
at the indicated times during irradiation of
water from 1 m depth in Lawrence and Winter-

green lakes from May 1970 to March 1971.
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Figure 23,

110

Net changes in NO3 + NO2 (hatched bars) NO2

(left-middle bars), NO, (right-middle bars),

3

and NH, (open bars) after 2 hr UV-irradiation

4
of water from Lawrence and Wintergreen lakes
during the summer months 1970. Hatched bars
equal RDON and open bars equal LDON for each

date.
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Figure 24.

112

Seasonal net changes in (left to right)

NO, + NO and NH, (LDON) in

3 2 2 3 4
six Michigan lakes during the month/year indi-

(RDON) , NO,, NO
cated. Shaded areas represent the net change,
after 0.5 hr irradiation, of each component.
February 1970 combustions of Purdy, Duck,
Cassidy, and Gull lakes were of < 1.0 hr
duration; other combustions were of 2.0 hr

duration.
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generally released more rapidly throughout the year than
LDON in Lawrence (Figure 22). LDON in both lakes was
most labile in October prior to turnover. Changes in
RDON in Wintergreen resembled changes in LDON only during
early July and mid-August.

2. Seasonal Changes in Six
Michigan Lakes

Additional perspective was gained by measuring
DON in four lakes representing advanced stages of trophic
development or conditions of intermediate productivity
between Lawrence and Wintergreen. Chemical data for the
six lakes appeared in Manny et al. (1971). Lawrence is
a deep (12.6 m), unproductive, marl lake (alkalinity 4-5
meq/l) ; Wintergreen is a shallow (6.3 m) hypereutrophic
lake of lesser alkalinity (2.8 meq/l); Purdy is a shallow
(2.0 m) highly stained, organic-rich Sphagnum bog of
intermediate productivity; Duck is a shallow (4.0 m)
dystrophic, soft-water lake; Cassidy is a deep (10.5 m)
stained, alkaline lake of low productivity and Gull is
a deep (36.5 m) oligotrophic, marl lake of higher pro-
ductivity than Lawrence.

Initial analysis of data at 1 m depth established

the following orders of LDON and RDON abundance:

Spring 1970 LDON: WG > Purdy > Cass > Duck > Law > Gull

RDON: Purdy > Duck > WG > Gull > Cass > Law
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Summer 1970 LDON: WG > Purdy > Duck > Cass > Gull > Law
RDON: Purdy > WG > Duck > Cass > Gull > Law

Fall-Winter

1970 LDON: WG > Purdy > Duck > Cass > Law > Gull

RDON: WG > Duck > Purdy > Gull > Cass > Law

Spring 1971 LDON: WG > Purdy > Duck > Cass > Law > Gull

RDON: WG > Purdy > Cass > Duck > Gull > Law

In each lake, consistently higher concentrations
of LDON and RDON appeared in the epilimnion than in the
hypolimnion on a majority of sampling dates (Table 5).

Expression of combustion results as net change in
each product after 0.5 and 2.0 hr irradiation revealed
individual seasonal combustion patterns (Figure 24). Purdy
and Duck were most alike throughout the year and were the
only lakes in which nitrite failed to appear during com-
bustion either spring. Lawrence had the most consistent
pattern characterized by strong nitrate reduction, modest
LDON content and complete lack of RDON. Cassidy lacked
pattern but resembled Duck and Purdy in the proportions
of LDON and RDON comprising TDON. Cassidy also failed to
show nitrate reduction. Gull and Wintergreen showed modest
nitrate reduction in the spring.

In general, seasonal changes in DON did occur in
the six lakes but patterns for each lake were essentially

individual. Detailed comparison of DON changes in Lawrence
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(Figure 25) and Wintergreen (Figure 26) revealed only one
simultaneous increase during August and September 1970.

Attempts were made to find relationships between
changes in DON and other related parameters. First TDOC
and TDON were compared because Birge and Juday (1934)
found the ratio of C/N was nearly constant in 157 seepage
lakes and 51 drainage lakes. In Lawrence, a significant
correlation was present between changes in TDOC and TDON
(p > 0.01) from February to July 1970 (Figure 27) but no
correlation was present during the entire year (Figure 28).
Changes in LDON were negatively correlated with average
changes in TDOC and rates of primary production in the
0-2 m stratum throughout 1970-71 (Figure 25). During
August and September 1970 (square points, Figure 28), a
period of maximum Cyanophyta densities, the organic matter
at 1 m in Lawrence was comparatively C-rich and N-poor.
Later, during a period of high chlaymdomonad densities
(February 1971, square point, Figure 28) the organic
matter was comparatively N-rich.

No correlation was found between changes in DON
in Lawrence and changes in phytoplankton volume (Figure
29). Cyanophyta cellular volume was not included in
Figure 29 because it bore no discernible relationship to
DON. Several DON maxima coincided with Chlorophyta or
Chyrsophyta maximum cell volumes. If DON is related to

changes in phytoplankton densities, the relationship may
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Figure 25. Comparison of annual changes in LDON, average
TDOC and rates of 14C primary productivity in
the 0-2 m stratum of Lawrence Lake from May

1970 to March 1971.
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Figure 29. Comparison of annual changes in LDON and algal
cell volume represented by members of the
Chlorophyta and Chrysophyta larger than 10 um
at 1 m depth in Lawrence Lake from May 1970

to March 1971.
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be a composite one; members of one phylum do not appear
to be responsible for DON production or utilization.

When no relationship could be found between DON
and phytoplankton density, attention was directed to other
possible DON sources. Zooplankton were ruled out on the
basis of work by Johannes and Webb (1965), Webb and
Johannes (1967, 1969) and Jawed (1969) which showed nitro-
gen is released by zooplankton largely as inorganic
ammonia. Extensive work in progress on DOM release by
agquatic macrophytes (Wetzel, 1969%9a, 1969b) and inter-
actions between the littoral and pelagic zones (Wetzel
and Allen, 1971) lead to consideration of DON production
by aquatic macrophytes. This research soon indicated the
littoral flora were the largest source of DON in Lawrence
Lake (Wetzel and Manny, 1971). The second largest source
of DON in Lawrence Lake on a projected annual basis was

that contributed by allochthonous sources.

3. Allochthonous DON

The importance of allochthonous transport of in-
organic nitrogen to lakes has been recognized for some
time (Rawson, 1939; Deevey, 1940; Chandler and Weeks,
1944). Allochthonous nitrate is of major importance in
the nitrogen cycle of Lawrence and Wintergreen lakes.

Very few data exist for DON in rainfall. Parker
(1968) has measured pg quantities of vitamin B12 in rain

and Williams (1967) found 24.3 ug N 171 at pel Mar,
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1 300 miles north of Samoa.

California and 23.1 ug N 1~
Williams concluded DON was probably insignificant in rain-
fall excepting marine localities where DON-rich surface
films may be carried into the atmosphere.

The fate of organic nitrogen in streams has been
studied using small recycling experimental streams. Yeast
extract added to one stream disappeared more rapidly (1-5
days) than nitrate added to a replicate stream (18-20
days) (Ehrlich and Slack, 1969). Shortly after the yeast
extract disappeared, a non-pigmented proteolytic pseudo-
monad bacterium increased greatly in abundance. At the
same time, ammonia concentrations increased 10-fold.

Within three weeks after nitrate or yeast extract addition,
an initial periphyton of attached diatoms changed to fila-
ments of Hormidium. Subsequently, a filamentous blue-
green alga appeared among the Hormidium in the stream to
which yeast extract was added.

Mathews and Kowalczewski (1969) studied the dis-

appearance of nitrogen from uniformly harvested packets

of dried oak (Quercus robur L.), sycamore (Acer pseudo-

platanus L.) and willow (Salix spp.) leaves in the River
Thames. Nitrogen content of the packets increased ini-
tially if the leaves were protected by 0.27 mm mesh but
nitrogen ultimately disappeared from the packets in the
presence or absence of invertebrates. The increase in

organic nitrogen was attributed to absorption of inorganic
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nitrogen from the Thames by colonies of microorganisms in
the packets; the same interpretation was given by Hynes
and Kaushik (1969). DON measurements were not made in
either of these studies.

DON was measured twice in April 1971 in the six
visible inflows contributing to Lawrence Lake, once in
April 1971 at four stations in Augusta Creek (Barry and
Kalamazoo counties, Michigan) at 2 km intervals below the
Lawrence Lake discharge and twice during a four month
experiment conducted by Drs. Cummins and Wetzel involving
the release of dissolved and particulate organic matter

from packets of oak (Quercus alba L.) and hickory (Carya

glabra [Mill.])) leaves in two large, recycling, experi-
mental streams.

Allochthonous DON reaching Lawrence Lake passes
through fertile marshes underlain by Carlisle muck. Most
of the water entering the lake either originated in springs
or remained in the marshes after rainfall. At all times of
the year, surface inflow volume is greatest and nearly
equal at Stations C and D (Figure 30), reaching 3 1l/sec in
the spring at Station B (A. Otsuki, personal communication).

LDON was observed to vary up to 50% of the values
shown in Figure 30 at Stations A, B, E and 0 between 21
and 29 April 1971. Errors introduced by the necessary
20-fold dilution prior to nitrate measurement did not

permit reliable estimates of RDON less than 100 ug N 1-1.



Figure 30.

131

Average contributions of organic and inorganic
nitrogen by visible allochthonous sources to
Lawrence Lake during 21-29 April 1971. (A)
Primary inflow from north marsh (B) Primary
inflow from west marsh (C) Entrance of (A)

into the lake (D) Entrance of (B) into the

lake (E) Vernal spring (F) Deeply stained
occasional inflow from northeast marsh (O) Out-

flow to Augusta Creek.
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Nonetheless, it is clear little RDON entered Lawrence at
stations other than F on either date. Station F repre-
sents water that enters the lake only when the northeast
marsh is flooded by rising lake levels. Particulate and
dissolved organic matter from F during such flushings may
be momentarily significant in the northeast littoral zone
but are rapidly removed after entry into the lake through
combination with suspended monocarbonates (A. Otsuki,
personal communication). Because the volume is small
entering at F, contributions of RDON from F are likely of
minor importance to the DON budget of Lawrence Lake.

Concentrations of allochthonous LDON were less
than LDON concentrations usually present at 1 m in the
center of Lawrence. Highest LDON appeared at Station D.
TDON at all stations except F were less than maximum levels
during 1970 at 1 m in the center of Lawrence. Apparently,
DON does not accumulate in Lawrence Lake.

Combustions of water from four stations in Augusta
Creek below Lawrence Lake (Figure 31) revealed concen-
trations of LDON, RDON and TDON changed during transport
downstream. LDON increased during passage through Hamil-
ton Lake and a large marshy agricultural area between
Stations B and C but decreased during transport down the
main channel. RDON and TDON increased with distance down-
stream resulting in a progressive increase in percent

RDON to 70% of TDON at Station D. These results indicate
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LDON is removed from the water while RDON accumulates in
the water during transport downstream. Perhaps this RDON
resembles the refractory melanoidin-like "humic compounds"
not utilized by soil microflora (Manskaya and Drozdova,
1968).

It was possible to test whether RDON equilibrates
at about 70% of TDON during downstream transport by com-
busting water from two experimental hardwater streams
during a leaf decomposition experiment in a greenhouse.
Samples were taken after 3 months when weekly measurements
of TDOC provided by Dr. R. G. Wetzel indicated an apparent
equilibrium in TDOC concentrations had been reached. The
hypothesis was that percent RDON values would be repre-
sentative of a steady state equilibrium condition likely
present in natural hardwater streams during most of the
year. Values of about 70% RDON were found in both streams
(Table 6). One month later, dense growths of a fila-
mentous green alga, Ulothrix, appeared in Stream 2 as
solar irradiation increased in early May. Decreased
nitrate concentrations coincided with the appearance of
Ulothrix and LDON increased resulting in a lower percent-
age of RDON in TDON. Apparently, changes in the stream
biota can alter the relative and absolute amounts of LDON
and RDON in a stream. These changes were amplified in
the experimental streams because water was continually

recycled over the biota.
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D. Discussion of DON Results

Seasonal DON changes in the six lakes appear to
be individual. A high correlation observed initially be-
tween TDOC and TDON at 1 m depth in the six lakes (Manny
et al., 1971) was not found in more frequent seasonal
analyses at 1 m depth in Lawrence Lake. Differences be-
tween DON content of the six lakes appear to be related to
the degree of littoral colonization and the magnitude of
allochthonous DON entry relative to the volume of the lake.
Because aquatic macrophytes release only LDON (Wetzel and
Manny, 1971) small shallow lakes with basins highly
colonized by aquatic macrophytes (e.g., Wintergreen,
Purdy, and Duck) may be expected to have high LDON concen-
trations. Other small lakes with closed basins or high
watershed area to surface area ratios (Purdy, Duck, Winter-
green) may be expected to have high RDON concentrations.
Deeper, less productive lakes (Cassidy, Lawrence) and those
fed largely by streams (Gull) may be expected to have low
LDON concentrations and intermediate RDON concentrations,
particularly if water entering the lake has been trans-
ported some distance. These views will undoubtedly be
refined as more becomes known about: (1) rates of DON
addition and removal during stream transport, (2) addition
and removal by the littoral flora during passage of
allochthonous DON into the pelagic zone, (3) amounts of

each DON fraction produced by members of different






139

phytoplankton phyla, and (4) in situ pelagic interactions
contributing to DON utilization and removal to the hypo-
limnion.

Preliminary data from Augusta Creek and alloch-
thonous sources entering Lawrence Lake indicate concen-
trations of LDON, RDON and TDON change during transport
downstream. Apparently, an equilibrium exists between
concentrations of LDON and RDON that is subject to con-
stant modification by the stream biota.

Chlamydomonas moeuwsii and an unidentified,

coccoid phytoplankter isolated from Lawrence Lake (MCM #7)
produced DON that was 80-100% LDON (Manny unpubl.). This
result supports the hypothesis that LDON is largely of
autochthonous origin whereas RDON is largely of alloch-
thonous origin. Further measurements are needed to
characterize (1) DON production by aquatic macrophytes,
(2) DON interactions within the littoral zone, and (3)
the relationship between UV and biological lability of
DON.

Biological considerations as well as UV analyses
indicate DON cycling is likely a most important--perhaps
rate-limiting step--in the pelagic nitrogen cycle. Evi-
dence presented above suggests DON in the pelagic zone is
very dynamic biologically. More than 58% of the DON pro-

duced by Scenedesmus was decomposed in 6 days by natural

bacteria (Gocke, 1970). Only colloidal-N, serine, and
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glycine accumulated in lakes studied by Gocke (1970).
However, amino, peptide and colloidal DON were present at
all times in lake water. About 80% of the DON in the
Pluss-See was present as peptide and colloidal-N (Brehm,
1967; Gocke, 1970). These compounds may be important in
lake metabolism if they complex with plant nutrients.
Various molecular weight DON fractions do complex with
metals essential in plant metabolism (Fe, P, Mo, Mn, K,
etc.). Biologically important nitrogenous, organo-metallic
complexes known to form in natural waters include the
avidity of bivalent alpha amino acids for the heavy metal
ions in the order: Cu > Zn > Co > Cd > Fe > Mn > Mg
(Albert, 1950, 1951, 1953; Duursma, 1968); the complexing
of Mo and Fe by EDTA and NTA (Wetzel and McGregor, 1968;
Skoog and West, 1969); the combination of polypeptide from
Anabaena with K, Fe, PO4, and Cu (Fogg and Westlake, 1955)
and the pH-dependent capacity of natural humic materials
to bind with Fe (Shapiro, 1957, 1966a, 1966b; Kent and
Hooper, 1965). Recently, Gelbstoff with an absorption
spectrum "similar or identical to" that of humic materials
from a bog and paper-pulp wastes has been synthesized by
Sieburth and Jensen (1969) by reacting 2 parts Fucus
polyphenol precursor with 4 parts each of proteins and
polysaccharides present in seawater. Each of these organo-
metallic complexes could modify the physiological environ-

ment of autotrophs in ways suggested by Saunders (1957)
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and Wetzel (1968). Because amino groups possess superior
electron donor properties (Zabicky, 1968), DON containing
tertiary amino groups, in particular, could be responsible
for many DOM complexing responses known to suppress photo-
synthesis in hardwater lakes (Wetzel, 1969a).

Adsorption onto carbonate particles is likely an
important vehicle in DON cycling in hardwater lakes. Al-
though some information exists on precipitation (Pia,
1933; Wetzel, 1960; Walton, 1967), exact mechanisms re-
sponsible for crystal formation in complex solutions such
as lake water are poorly understood. Because bacteria
have a mucopolysaccharide coat closely analogous to
organic matrices on which calcite and calcium phosphate
crystals nucleate in other biological systems (Glimcher,
1960) , they have been implicated in the process (Barber,
1966). Silicification by living diatoms and the formation
of a radial network of hydroxyapatite, CalO(PO4)6(OH)2’

on the surface of the ciliate, Spirostomum ambiguum, grow-

ing in defined medium (Pautard, 1960) are known examples
of crystal formation on microbial surfaces that may
also occur in lake water.

Suspended monocarbonate particles rapidly adsorb
amino acids (Wetzel and Allen, 1971) and larger proteins
and polysaccharides (Chave and Suess, 1967, 1970) which
may complex with trace metals (Matson, 1968), forestall

solution of the carbonate and serve as substrates for
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bacterial metabolism (Khailov and Fineko, 1969). 1If
adsorbed DON is utilized more rapidly than free DON,
surface area provided by suspended carbonate particles
may be an important factor in regulating pelagic DON
cycling rates and accelerating nitrogen regeneration by
bacteria. Moreover, loss of carbonate particles to the
sediments would therefore be a likely route by which
refractory DON reaches the hypolimnion. After a maximum
colloidal diameter of about 0.1 to 1.0 micrometer is
exceeded by the particles, they would begin to settle
with their organic coating to the sediments.

If chemical and biological DON lability can be
related, DON analysis by UV combustion may produce
greater understanding of DON transport and cycling. In
this approach, labile DON may act as a "short-circuit"
in the conventional nitrogen cycle by acting as a direct
intermediate between allochthonous nitrogen sources and
lake autotrophs and acting as a reversible one-step
intermediate between autotrophs or between autotrophs
and bacteria in the lake (Figure 32). DON complexes with
Fe, PO4 and other ions may delay loss of these ions to
the sediments. These alternatives by-pass the con-
ventional rate-limiting step of bacterial mineral release
during decomposition of organic detritus and add per-

spective to the aquatic nitrogen cycle.
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VII. GENERAL DISCUSSION

A. The Nitrogen Cycle in Lawrence Lake

Sustained high nitrate concentrations in Lawrence
Lake are a consequence of two factors. Water entering the
lake during most of the year probably originates in springs
having high nitrate concentrations. Secondly, primary
productivity in Lawrence is constantly inhibited by in-
sufficient iron, phosphorus and a host of organic-inorganic
interactions (Wetzel, 1971). Nitrate therefore accumulates
in Lawrence because it is not utilized in proportion to
the rate it enters the lake.

Before and after fall overturn, ammonia entered
overlying waters from the sediments. Before fall overturn,
high nitrite and ammonia concentrations were present be-
tween 7 and 12 m probably as a consequence of nitrate
reduction. Nitrite accumulations at this time were
probably caused by the different redox optima at which
nitrate reducing bacteria function. Nitrate reducers
reduce nitrite optimally at a potential of about +475 mv;
nitrite reducers reduce nitrite optimally at a potential

of about +25 mv (Thimann, 1963).

145
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After overturn in the fall, nitrite accumulations
were again present between 7 and 12 m, perhaps for a
different reason. During nitrification, nitrite probably

accumulated as ammonia was oxidized by Nitrosomonas be-

cause Nitrobacter is inhibited by free ammonia ions

(Thimann, 1963). After Nitrosomonas reduced ammonia

levels sufficiently, populations of Nitrobacter probably

developed and caused the maximum hypolimnetic nitrate
concentrations observed during January between 10 and 12 m
(Figure 10).

Under the ice, density differences were greatly
reduced relative to those present during summer stratifi-
cation. This reduced density gradient may explain the
more complete equilibration of hypolimnetic nitrate con-
centrations under the ice relative to summer conditions.
Warmer sediments beneath the water column under the ice
probably aided in distributing hypolimnetic accumulations
of nitrate and ammonia by giving rise to vertical con-
vection and eddy diffusion currents.

In the spring, inorganic nitrogen may have been
rapidly converted to organic nitrogen because increased
solar radiation and water temperatures created favorable
conditions for phytoplankton growth. During March and
April 1970, a mixture of chlamydomonads and later larger
diatoms increased in number as ammonia concentrations at

1 m decreased to minimal levels (< 15 ug/l). Nitrate



147

continued to increase at 1 m during this period because
large volumes of nitrate-rich water entered the lake with
spring run-off and because ammonia was probably utilized
in preference to nitrate by the phytoplankton.

As the lake became thermally stratified, exchange
between the epilimnion and hypolimnion was greatly re-
duced. Hypolimnetic dissolved oxygen and pH rapidly
decreased, perhaps owing to bacterial decomposition of
sediments resuspended during overturn. As dissolved
oxygen and pH reached minimum levels, conditions became
favorable for nitrate reduction again.

Significant deviations from this highly regular
annual sequence may occur in Lawrence during years when
wind energy is not sufficient to disrupt thermal strati-
fication. During the resultant temporary meromixis,
oxygen and pH would rapidly decrease in the hypolimnion
and intensify nutrient regeneration during the summer
stagnation period. Higher epilimnetic productivity might
be expected during such years after fall overturn when
the normal annual sequence would be reestablished.

The normal annual sequence in Lawrence Lake
resembles Hutchinson's (1941) description of a Phase I
trophic equilibrium condition. The sequence should con-
tinue until the mean depth in Lawrence decreases to a
point where other factors (below) come into play. An

alternative to this developmental pathway might take the
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form of regression from Phase I conditions to permanent
meromixis during a year when neither spring nor fall
mixing are complete. Iron and phosphorus might then
accumulate in the monimolimnion indefinitely (Kjensmo,
1968). Epilimnetic productivity would probably be related
to rates of iron and phosphorus entry from the watershed.
This alternative may be viewed as a deacceleration of
eutrophication. Recent evidence supports the view that
development of lakes is not from oligotrophy to eutrophy
(Hutchinson et al., 1970; Wetzel and Allen, 1971).

Normal annual events in Wintergreen resemble those
in Lawrence but occur more rapidly and with greater in-
tensity. Rapid development of complete hypolimentic
anoxia four weeks after vernal overturn and less well
developed thermal stratification over much of the basin
probably permitted more ammonia and nitrate to reach the
epilimnion. In winter, greater sediment-water temperature
differences (compared to Lawrence) correlated with more
rapid ammonia and nitrate redistribution throughout the
water column beneath ice cover.

In the spring, Wintergreen received ammonia,
nitrate and phosphorus from six visible allochthonous
sources and probably two unmeasured sources--nitrates
generated by bacteria in adjacent cornfields and melting
ice upon which great quantities of duck and goose excre-

ment had accumulated. The organic load from the latter
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source enters the lake twice annually in spring and during
the fall; likely this organic load intensifies rapid

hypolimnetic decreases in oxygen and pH after overturn.

B. Role of Carbonate Particles

That carbonate particles exist in hardwaters can
no longer be reasonably discounted, however, their role
in lake metabolism remains to be demonstrated. For
example, it is unknown whether carbonate particles in lakes
are coated with nitrogen-rich materials. If present for
most of the year in Lawrence and Wintergreen, such par-
ticles provide one explanation for the consistently high
nitrogen content of nannoseston. Because labile DON has
been shown to adsorb rapidly to carbonate particles in
lake water in the laboratory, it is very likely carbonate
particles remove DON from the epilimnion as it is produced
or as it enters the lake, perhaps during passage through
the littoral zone.

Another important role.suggested by the present
study is one played by carbonate particles in nitrate
reduction and ammonia nitrification. Bacteria in lakes
are usually present in greatest numbers in the hypo-
limnion where they readily adsorb to organic and inorganic
surfaces (McCoy and Sarles, 1969; Henrici, 1936). Attempts
made to isolate nitrifying bacteria were unsuccessful for
many years until Winogradski (1890, 1891 in Thimann, 1963)

developed a successful technique using inoculations from
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small floccules attached to CaCO3 particles removed from

a lake. Subsequent work showed Nitrosomonas and Nitro-

bacter were highly sensitive to changes in pH and that
they required calcium in nitrification. In culture, pH
control and Ca requirements may be met by providing solid
CaCO3. These facts suggest carbonate particles may be

involved in nitrification of ammonia in the hypolimnion

of hardwater lakes.

C. Role of Dissolved Organic Compounds

Wetzel (1965-71) has demonstrated dissolved organic
matter (DOM) can complex with trace metals, Fe and P; alter
monovalent to divalent cation ratios; adsorb on colloidal
and particulate carbonates; and accelerate bacterial meta-
bolic rates in hardwater lakes. In addition, DOM may in-
fluence DON removal rates from the epilimnion to the
hypolimnion.

Direct evidence for DOM coatings on carbonate
particles is limited to work by Chave and Suess (1969),
Suess (1969), Chave (1970) and Wetzel and Allen (1971).
Sustained absence of increases in dissolved total phos-
phorus in Lawrence Lake, compared to the sustained high
levels in Wintergreen, suggest a carbonate-like mechanism
present in Lawrence has somehow been deactivated in
Wintergreen. In addition, Wetzel (1971) showed ortho-
phosphate quickly precipitated as Ca3(PO4)2 and FePO,

when added to Lawrence Lake water at room temperature.
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If a non-nitrogenous fraction of the DOM pool deactivates
carbonate particles by coating them, that fraction would
more likely be present in Wintergreen because DOM of all
kinds is renewed twice annually in Wintergreen in the form
of waterfowl excrement.

UV absorption and fluorescence data (Miller, 1971)
indicate much of the DOM in Lawrence Lake is very old
(> 1 year and < 100 years) and perhaps composed largely of
inactive humic materials. Absorption and fluorescence pro-
files in the two lakes show fluorescent humic materials
accumulate near the bottom of Lawrence whereas such com-
pounds decrease with depth in Wintergreen. This difference
in distribution suggests greater amounts of "younger"
possibly more labile DOM may be present in the epilimnion
of Wintergreen Lake. Hence, there is increased probability
compounds capable of deactivating carbonate particles are
present in Wintergreen.

Carbonate particles and organic coatings on carbon-
ate particles appear to form at different rates depending
upon the type of organic compounds present and pH (Suess
and Chave, 1969; Chave, 1970). At very high concentrations
(1-10 g/1), many organic compounds reduce the rate of
particle formation (Kitano, Kanamori and Tikuyama, 1970).
Newly formed particles are coated within minutes in sea-
water (Chave, 1970) and Lawrence Lake water (Wetzel and
Allen, 1971). Should similar processes occur in Winter-

green, coatings might form rapidly enough to keep pace with
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particle nucleation, perhaps retarding DON removal from

the epilimnion.

D. The Phosphorus Cycle in Hardwaters

In hardwaters, phosphorus quickly adsorbs to sus-
pended colloids and particulate carbonates (Gessner, 1939;
Ohle, 1935, 1937). By raising the pH of natural water from
Lawrence Lake, Otsuki and Wetzel (1971) demonstrated co-

32P tracer within

precipitation of more than 75% of added
five minutes. These results strengthen years of field ob-
servations during which annual changes in total dissolved
phosphorus have not occurred at any depth in Lawrence Lake.
Only trace amounts (< 10 pg/l) of dissolved total phos-
phorus have yet been measured at any depth in Lawrence,
even during overturn (Wetzel, 1971, Figure 1). One might
conclude from these data that all phosphorus entering
Lawrence Lake quickly adsorbs to colloidal and particulate
carbonates and is eventually lost to the sediments.
Phosphorus analyses of sediments in a core from Lawrence
Lake would likely show little change with depth in the
sediments unless rates of phosphorus entry into Lawrence
Lake changed markedly at some point in the past.

Dissolved and particulate total P in Wintergreen
Lake underwent a seasonal cycle at all depths. In the
spring, the entire lake was apparently saturated with

phosphorus because dissolved phosphorus entering the lake

was not removed during passage through the lake. These
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observations suggest phosphorus in Wintergreen either
enters the water column in the spring at rates equal to
or greater than rates with which it is removed or,
colloidal and particulate carbonates, if formed, have

been deactivated by organic coatings.

E. Seston Fractionation

Perhaps the most interesting result to be drawn
from this aspect of the study was that more than half of
all nitrogen, chlorophyll, and algal cell volume in both
lakes was present more than half the year in the nanno-
seston and nannophytoplankton. This result does not agree
with early comparisons of net and nannoplankton nitrogen
content in Lake Mendota (Birge and Juday, 1922). They
found less nitrogen in the nannoseston on a dry weight
basis. The disagreement probably lies in the primitive
separation techniques (centrifugation) used in this early
work.

The fractionation results provide strong evidence
for Pavoni's (1963) hypothesis that nannoplankton dominate
algal biomass in lakes at both extremes of the trophic
spectrum. This conclusion might now be expanded to read
that nannoplankton dominate nitrogen transformations in
lakes at both extremes of the hardwater trophic spectrum.
These same results support the suggestion that "in more
eutrophic situations the larger organisms assume greater

significance" (Wetzel, 1964); nannosestonic-N dominance of



154

the total sestonic-N was sustained for fewer months in
Wintergreen than in Lawrence.

Relative to other earlier observations, nanno-
plankton dominance of organic nitrogen production in both
lakes supports the many observations that nannoplankton

14 _fixation (Rodhe,

are responsible for a majority of
Vollenwider and Nauwerck, 1958; Holmes and Anderson, 1963;
Wetzel, 1964, 1966) and comprise a major portion of the
plankton biomass (Banse, 1961), algal cell volume (Willen,
1959, 1961), cell numbers and chlorophyll content (Yentsch
and Ryther, 1958). It is becoming increasingly apparent
that methodology based upon net concentrations of the
seston underestimate the parameter in question considerably.
This point was made very clear by comparing retention of
sestonic nitrogen and chlorophyll on conventional 65 um
#25 "fine" Nitex netting, 10 uym Nitex netting and glass
fiber filters of about 0.3 um porosity. Results (Table 7)
showed either netting is completely inadequate for obtain-
ing representative values of sestonic-N or chlorophyll.
If seston must be concentrated, only filters of porosity
less than 0.5 ym should be used. This porosity will pass
little sestonic-N or chlorophyll.

Sestonic-N in both lakes and the Wintergreen
chlorophyll data are compatible with the hypothesis that

nannophytoplankton are rich in nitrogen and chlorophyll

relative to the netphytoplankton. This result may have
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important implications in zooplankton feeding studies and
it explains in part why spring increases in 2zooplankton
are linked with increases in nannophytoplankton abundance
(Haney, 1970; O'Brien, 1970). During zooplankton increases,
the nannophytoplankton are likely grazed more than larger
forms, particularly Cyanophyta, which are less digestible
(Arnold, 1970) and less nutritious (present study).
Selective removal of the nannophytoplankton by zooplankton
in the spring may explain why larger phytoplankton become
progressively more abundant than nannophytoplankton in
late spring. Another less likely explanation for the
relative increase in netphytoplankton in late spring is
competition for available nutrients between net and nanno-
phytoplankton.

Margalef (1968) suggested that exploitation of the
phytoplankton by zooplankton during early stages of phyto-
plankton succession gives evolutionary advantage to the
zooplankton. One of the problems of this argument was
that it did not explain why zooplankton had not evolved to
a point where they could adapt to the spring switch from
small to large phytoplankton abundance by assuming a
macrophagous habit (Margalef, 1968; p. 76). If nanno-
phytoplankton are consistently nitrogen-rich relative to
netphytoplankton, zooplankton would gain no nutritional

advantage by adopting a macrophagous habit.
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F. Wintergreen Lake Spring
Phytoplankton Bloom

The most dramatic nitrogen transformation in
Wintergreen Lake was an explosive spring bloom of

Chlamydomonas under the ice during which dissolved ammonia

was converted quantitatively to sestonic-N. From February
to mid-April 1970, ammonia decreased from 1800 pg/l to

15 ug/l while nitrate continued to increase. From mid-
April to 8 June 1970, nitrate decreased from 1320 pg/l to
5 pg/1l coincident with the latter part of a mixed

Chlamydomonas-Cryptomonas bloom and rapid development of

macrophyte beds over much of the basin.

Factors causing the spring bloom in Wintergreen
are likely the same as those contributing to similar
explosive blooms in Smith Lake, Alaska. For the past 10
years, prior to ice-off in June, a massive bloom of mixed

Chlamydomonas, Euglena and Chlorella has developed that

converted about 300 pg/l ammonia into sestonic-N (Billaud,
1967, 1968). Billaud and others have suggested such blooms
result from increased solar radiation, high concentrations
of ammonia and rapidly rising temperatures under the ice.
Subsequent events in Smith Lake resemble those in Winter-
green Lake during 1970. Immediately after ice breakup,

a bloom of Anabaena flos-agquae developed which extended

the precipitous rise in sestonic-N by nitrogen fixation

and nitrate assimilation, much as Cryptomonas did in

Wintergreen Lake (excepting nitrogen fixation). After
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the Anabaena bloom in Smith Lake and the Cryptomonas bloom

in Wintergreen Lake, Aphanizomenon became the dominate form

in both lakes. These similarities and more recent data in
1971 suggest the spring bloom in Wintergreen is an annual
event.

Why ammonia was utilized in the presence of high
nitrate concentrations deserves further comment. Ammonia
is assimilated by phytoplankton in preference to nitrate
under many different conditions. For example, ammonia is
assimilated from equal or greater concentrations of nitrate
(Prochazkova, Blazka and Kralova, 1970) in both the light
(Syrett, 1962) and the dark (Fitzgerald, 1968, 1969).
Normally, nitrate assimilation occurs only after a period
of acclimatization (Goering et al., 1964) if the enzyme
responsible (nitrate reductase) is not repressed by ammonia
(Morris and Syrett, 1964), amino acids (Filner, 1966),
calcium ions (Harper and Paulsen, 1969a) or deficiencies
of other ions (Harper and Paulsen, 1969b). The process of
ammonia uptake itself may alter the ionic balance of the
boundary membrane and cause decreased membrane permeability
to nitrate (Minotti et al., 1969). MacIsaac and Dugdale
(1969) and Eppley and Rogers (1970) have shown uptake of
ammonia by marine phytoplankton is much more rapid than
nitrate uptake under natural conditions.

Other factors likely involved during the spring

bloom in Smith and Wintergreen lakes are (1) the promotion
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of protein synthesis over carbohydrage and lipid synthesis
in Chlorella by low light intensities (Taub and Dollar,
1965), (2) ammonia excretion by members of a declining
bloom (Billaud, 1968; Prochazkova et al., 1970), and (3)
ammonia regeneration within the water column from DON
(Dugdale and Goering, 1967).

Very likely the spring bloom from February to May
in Wintergreen is a period of high productivity rates
during which, a large share of the annual primary pro-
ductivity takes place. In Sylvan Lake, Indiana, Wetzel
(1966) found 25% of the annual carbon productivity occurred

during a similar bloom under the ice.

G. Nitrogen Limitation

Mixed populations of Aphanizomenon, Microcystis

and Aphanothece dominated the phytoplankton in Wintergreen

at 1 m depth during July and August 1970. Because ammonia
and nitrate were nearly unmeasurable for much of this
period (Figure 9) one might ask why these blue-green algae
were so abundant. One hypothesis suggests that Aphani-
zomenon dominates when annomia and nitrate are absent
because it can fix atmospheric nitrogen. High N-fixation
rates measured during this period support this hypothesis
(T. Duong, unpubl.). Another hypothesis holds that blue-
green algae dominate during periods of high DON concen-
tration (Pearsall, 1932). Maximum LDON and RDON concen-

trations did appear in Wintergreen during July and August
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1970 but the correlation may be explained by high DON
production by blue-green algae. Fogg and Westlake (1955)
showed a large amount of polypeptide was produced by

Anabaena cylindrica in culture. This observation sug-

gests blue-green algae cause high DON concentrations, not
the reverse.

Perhaps a more satisfactory explanation for domi-
nance by blue-green algae in late summer in productive
lakes lies in their combined abilities to (1) store excess
nitrogen and phosphorus, (2) create within themselves gas
vacuoles, (3) grow better in culture at low light inten-
sities (< 100 ft-cand.) than at high light intensities
(8,000 to 10,000 ft-band.), (4) escape being grazed by
zooplankton (Arnold, 1969), and (5) undergo diurnal
migrations (Fitzgerald, 1969) sinking at night into
nutrient-rich waters and returning to the surface the
following morning. Bella (1970) recently showed algae
with low sinking rates (exemplified by blue-green algae)
would remain longest near the surface during calm, late
summer weather.

Billaud (1968) and others have noted blue-green
algae in surface blooms rapidly lose their viability. If
they were growing well at the surface in low nitrogen con-
centrations they should not rapidly expire. Secondly,

Microcystis aeruginosa was observed in Wintergreen through-

out July and August 1970 yet Gerloff and Skoog (1957)
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argued that it should be unable to grow in less than
milligram/l1 nitrate concentrations. None of these obser-
vations are conclusive, they only serve to illustrate we
know little about nitrogen limitation in natural popu-

lations of blue-green algae.

H. Lake Metabolism and Eutrophication

Previous results and discussion illustrate many
ways in which organic and inorganic nitrogen interact to
accelerate and repress biological activity in hardwater
lakes. The summation of biological rates in a lake com-
prise the metabolic rate. Over extended time, the sum-
mation of annual chemical and biological rates in a lake
define the eutrophication rate. Should one interaction or
class of interactions consistently control one or more
chemical or biological rates in a class of lakes, that
interaction may be expected to govern rates of eutrophi-
cation within that class of lakes.

Most organic nitrogen produced in or entering hard-
water lakes is recycled as inorganic nitrogen by hypo-
limnetic bacteria. Several factors may interact to
control this transformation in dimictic hardwater lakes.
For example: (1) entrance rates of organic carbon and
nitrogen, (2) hypolimnetic oxygen content, (3) hypo-
limnetic temperature, (4) hypolimnetic pH and overall
buffering capacity, and (55 organic-inorganic interactions

affecting a) availability of the organic-N, b) membrane
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permeability of the bacteria and availability of other
essential nutrients (vis. phosphorus).

A combination of these factors likely to result in
slow eutrophication rates would be: (1) small, steady
entrance rates of dissolved and particulate carbon and
nitrogen; (2) an unsheltered, deep basin in which spring
and fall mixing are always complete; (3) low hypolimnetic
temperatures; (4) well-buffered water of pH 8.0; and (5)

a saturated bicarbonate-carbonate buffer system conducive
to continuous generation of carbonate nuclei around photo-
synthesizing algae and macrophytes. As DON entered this
system, it would adsorb onto the carbonate particles, perhaps
during passage through the littoral zone, and be carried
eventually into the hypolimnion to be slowl& transformed
to ammonia by small bacterial populations present there.
As the DON-coated carbonate particles settled into the
hypolimnion, essential trace metals and micronutrients
such as Fe and P might complex with the coatings and be
removed from the water column. Maximum DON entry would
likely occur during summer after macrophytes in the basin
have developed full photosynthetic capacity and in the
fall when high rains carry residues of fallen leaves to
the lake.

A combination of these factors likely to result in
rapid eutrophication rates would be: (1) high entrance

rates of organic carbon and nitrogen; (2) a shallow,
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sheltered basin in which mixing is seldom complete; (3)
high hypolimnetic temperatures summer and winter; (4)
poorly buffered water in which hypolimnetic pH is quickly
lowered below 8.0 by high sustained bacterial activity;
and (5) an unsaturated, poorly buffered bicarbonate-
carbonate system rarely conducive to carbonate particle
formation and in which newly generated carbonate nuclei
are quickly coated with organic matter. DON entering this
system would probably accumulate in the epilimnion because
no carbonate particle mechanism exists to transport it
through metalimnetic density gradients into the hypo-
limnion.

Conditions in Lawrence Lake approximate the first
example but differ in that Lawrence has a low surface area
to volume ratio and is somewhat sheltered such that mixing
is sometimes incomplete. Another difference is that P and
Fe are rarely available above the sediments.

Conditions in Wintergreen Lake approximate the
second example but differ in that Wintergreen is well
mixed and rather well buffered. There is little question
that macrophytes dominate all facets of lake metabolism
in Wintergreen.

During late summer and winter, the hypolimnion and
the entire lake are a closed system, respectively.
Nursall's (1969) discussion of allochthonous versus
autochthonous impact on energy and materials transfor-

mations in a closed system describes the lake biota as an
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open system within a closed system, during the winter.
Because the biota are opportunistic and variable, they
capitalize on favorable changes in energy and materials
entering or generated within the lake. Nursall states that
the biota is predictable only under strongly limiting
conditions or in the special case of a well-defined high
rate of materials entry into the lake. Future data from
Lawrence and Wintergreen lakes will likely support Nur-
sall's ideas. Both lakes fit very well within his
descriptions. For example, plant growth in Lawrence is
rigorously limited by a host of organic and inorganic
interactions. In return, the biota are rather predictable.
The biannual loading of Wintergreen place it in the special
case category. One might expect the spring bloom in
Wintergreen to be an annual event.

Lastly, eutrophication rates among hardwater lakes
likely differ depending on whether control of primary pro-
ductivity lies within or outside the lake basin. Con-
ditions within or outside Lawrence and Wintergreen lakes
counterbalance deviations in chemical and biological
parameters in a manner analogous to a room thermostat.
Control horizons about the Wintergreen biota are much
wider than those about the Lawrence biota. Greater
responses result when conditions change within or outside
Wintergreen. Nearly all biological responses in Winter-

green were more rapid and of greater duration than their
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counterpart in Lawrence. Lawrence appears to be controlled
from within by its bicarbonate system whereas Wintergreen
appears to be controlled by external seasonal changes in
light and materials entry.

Examples serving this distinction are the chronic
shortage of Fe and P in Lawrence and the explosive spring
phytoplankton bloom in Wintergreen in response to in-
creased light, temperature and nutrients. The former
shortages likely controlled both lakes beginning shortly
after their inception but became inoperative in Winter-
green when its mean depth decreased to a point where hypo-
limnetic oxygen concentrations were insufficient to oxi-
dize organic matter entering the basin. At this point,
rates of energy and materials cycling began to increase
producing occasional years of higher productivity between
periods of lower productivity. With timber removal in
Michigan around 1825 (Davis, 1971), and with increased
waterfowl usage since 1928, materials entering Winter-
green Lake accelerated markedly. As a function of long
residence times for water entering the basin, materials
have accumulated within the lake to a point where cycling
rates of energy and materials are 10 to 100 times faster
than the same transformations in Lawrence Lake.

If the watershed were planted with timber, the
effluents diverted, and the waterfowl excluded, Wintergreen

would probably revert rapidly to a less productive state.
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Under the present conditions, production and cycling rates
during the spring bloom likely represent maximum rates in

this latitude.
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