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Abstract:

This study examined nitrogen cycling interactions occurring among the heterotrophic and autotrophic
plankton of a softwater, oligotrophic alpine lake. Its major objectives were (1) to compare the
influences of internal (regenerative) and external nitrogen supply processes on water-column primary
production, (2) to identify the food web components contributing most to regenerative and assimilative
fluxes of nitrogen, and (3) to evaluate the sensitivity of the limnetic nitrogen cycle to lake acidification.
Field and laboratory experiments were based on isotopic tracer (15N, 14C, 3H) methodologies,
plankton size-fractionation and metabolic inhibitor techniques, and short-term bioassay procedures;
supporting data were gathered on lake physicochemical and biological properties. Measured aqueous
nutrient concentrations, the results of 14C02-based snowmelt and nutrient enrichment bioassays, and
physiological indicators of algal nutrient status collectively demonstrated that phytoplankton nitrogen
demand greatly exceeded nitrogen supply. Both NH4”+ and N03”- were quantitatively important forms
of assimilatable nitrogen under ambient conditions. Mass balance considerations indicated that
within-lake biogeochemical processes constituted a net sink for N03”-, whereas NH4”+ production and
consumption rates were approximately in balance on an ecosystem scale. Water-column regenerative
and assimilative fluxes of NH4"+ were strongly correlated. Meta- and protozooplankton were the
principal sources of regenerated NH4"+; heterotrophic bacterioplankton were net consumers of
NH4"+. Experimental reductions in metazooplankton populations markedly enhanced rates of NH4"+
regeneration, apparently by reducing predation pressures on metabolically active nano- and
microflagellates. Ammonium regeneration, NH4"+ uptake and bacterial secondary production declined
under acidic conditions (pH 5 versus pH 7; HCI), whereas algal NO3”- utilization increased and
compensated for reductions in NH4"+ uptake. Acidification via HNO3 or HN03/H2S04 stimulated
increases in total nitrogen uptake and permitted higher rates of photosynthesis than did corresponding
additions of HC1 or H2S04. These findings collectively suggested that the efficiency of the NH4"+
regenerative/assimilative cycle constituted a principal determinant of water-column primary
production, that higher-level trophic interactions could influence phytoplankton growth through food
web. effects on nitrogen cycling, and that lake acidification potentially could disrupt the limnetic
nitrogen cycle and increase phytoplankton dependence on allochthonously supplied N03”-.
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ABSTRACT

This study examined nitrogen cycling interactions occurring among
the heterotrophic and autotrophic plankton of a softwater, oligotrophic
‘alpine lake. Its major objectives were (1) to compare the influences of
internal (regenerative) and external nitrogen supply processes on water-
column primary production; (2) .to identify the food web components
contributing most to regenerative and assimilative fluxes of nitrogen,
and (3) to evaluate the sensitivity of the limmetic nitrogen cycle to
lake acidification. . Field and laboratory experiments were based on
isotopic tracer (N, ¥C, *H) methodologies, plankton size-fractionation
and metabolic inhibitor techniques, and short-term bioassay procedures;
supporting data were gathered on lake physicochemical and biological
properties. Measured aqueous nutrient concentrations, the results of
400,-based snowmelt and nutrient enrichment bioassays, and physiological
indicators of algal nutrient status collectively demonstrated that
phytoplankton nitrogen demand greatly exceeded nitrogen supply. Both NH/*
and NO; were.quantitatively important forms of assimilatable nitrogen
under ambient conditions. Mass balance considerations indicated that
within-lake biogeochemical processes constituted a net sink for NO;,
whereas NH,* production and consumption rates were approx1mate1y in
balance on an ecosystem scale. Water-column regenerative and
assimilative fluxes of NH* were strongly correlated.  Meta- and
protozooplankton were the principal sources of regenerated NH,*;
heterotrophic bacterioplankton were net consumers of NH,”. Experimental
reductions in metazooplankton populations markedly enhanced rates of NH,*
regeneration, apparently by reducing predation pressures on metabolically
active nano- and microflagellates. Ammonium regeneration, NH,” uptake and
bacterial secondary production. declined under acidic conditions (pH 5
versus pH 7; HCl), whereas -algal NO, wutilization increased and
compensated for reductions in NH," uptake. Acidification via HNO, or
HNO,/H,S0, stimulated increases in total nitrogen uptake and permitted
higher rates of photosynthesis than did corresponding additions of HCl
or H,80,. These findings collectively suggested that the efficiency of
the NH,* .regenerative/assimilative cycle constituted a principal
determinant of water-column primary production, that hlgher -level trophic
interactions could influence phytoplankton growth through food web.
effects on nitrogen cycling, and that lake acidification potentially
could disrupt the limnetic nitrogen cycle and 1ncrease phytoplankton
dependence on allochthonously supplied NOj.




CHAPTER 1
IN'.[;RC;DI;TCTION

During the past quarter century, the impact of human technology'éndf
population growth on the functional integrity of freshwater ecosystems -
has reéeiﬁéd unprecedented séientific and public attention (e.g., Davisl
1964; Thomas 1965; Oden 1968, 1975; NAS 1969; Johnson et al. 1970{ Bolin
. 1971; Vallentyne i972, 1974 ; Jensen and Snekvik‘1972; Grahn‘et al. 1974;
Braekke 1976; Hendrey et al. 1976; Beamish and van Loon 1977f Alfheim
et al. 19%8; Almer et a1. 1978; Yan 1979;'qumm‘1980;'Schindler 1980,‘
1988a; Vollenwéider et al. 1980; Yan and'Strus‘1980; Héines'1981; Harvey
et al. 1981; deling 1982; Lewis 1982; Turk 1983; Dillon et al. 1984; .
Hendrey 1984; Mitchell et al. 1985; Sanchez et al. 1986; Goldman 1988;
Lehman 1988). | It is mnow recognized that mankind;s influence -on the
environmental quality of lakes and streams .is manifested over a'décep-
tively wide range of temporal ;nd spatial scales and that few inland
waters, however remote, .are insulated entirely from the environmental
vagarieé of industrializatién,‘agricultural expansion, and urbanization.
Alpine lakes offer .an interesting case in point. Although these lakes
collectively rank -among the most-iéoléted.and pristin; of surface,ﬁater.
ecosystems, they too are threatened by the growing level of industrial
contaminants in atmospheric precipitation, by intensified mining and
fossil fuel development activifies, and by increasing demophoricidemands

on freshwater resources (reviéwed by_Weils 1986; see also Vallentyne




é
1972; Aamodt 1§77; Vollenweider 1979; Dodson 1981; Lewis 1982; Logan“
et al. 1982; Harte et al. 1983; Turk and Adams 1983; Eilers et al. 1986;
Landers et al. 19865: Unfortunately, the unfavorable Wofking conditions
afforded by the alpine environmént have discouraged all but the ﬁost‘
simple and descriptive of studies on alpine lake ecology (see Thomasson
1952; Pennak 1955, "1958, 1963, 1968; Rodhe et al. 1966; Tilzer 1973,
Dodson 1981; Aizako e; al. 1987; c¢f., Vincént et al. 1984; 1985; Dokulil
1988). Fundamental questions concerning the structure and functioning
of these ecosystems remain unanswered: What environmental factors
‘regulate biological productivity,and‘community‘structure in»a}pineilakes?
Which food webvéomponents contribute most to'energy flow and nutrient
cycling? | In what manner do these ecosystems ‘respond to nutrient
- enrichment, acidification, food web manipulation; énd\other envirqnmental
disturﬁénces? Thé'protection.aﬁd wise use of alpine aquatic resources
ultimately will depend upon our ability-to answer such questions.
This study examines nitrogen cycling iptefactions occurring among
" the heterotrophic and autotrdéhic-'compoﬁénts of an  a1pine plankton
community. It investigates (1) fhe importance of thése interactions to
water-colﬁmn biological production, (2) the roles.pléyed.by the major
planktoﬁic food web constituents‘in nitrogenvcycling, (3) the influences
of nutrientlenricﬁment and food web manipulations on nitrogen cycling and
algal primary pfgdgction and (4) the effects of lake acidification-dn

water-column regenerative and assimilative fluxes of inorganic nitrogen.
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Historical Overview

Nutrienﬁ supply has ‘traditionally’ been deemed the pfincipﬁl
determinant of biological productivity in fresﬂwater ecosystems. Early
researchers were weil‘ aware of the genéral stimulatory effecfs of
phosphorus and nitrogen enrichment on algal gro&th.(Rawson 1939: Sawyer
1947; Ohlé 1956; Edmondson 1961) and soon de&eléped‘mathematical ﬁodelé
for predicting 1ake eutrophicatibn responses to nutrient loading (e.gf;
Vollenweider 1968). Modelling efforts rapidly géined iﬁ sophisticatioh
and scope of application as researchers began to simulate the effects of
multiple abiotic influences on algal growth (e.g., Dillon . 1975;
Vollenweider and Kerekes 1980) and to cépitalize‘\on increasingly
comprehensive lake déta sets (Vollenweider 1976; Rast and Lee 1978;
Schindler 1978a,b; Schindler et al. 1978; Oglesby'and Schaffner 1978;
Canfield and Bachmann 1981). Despite their widespread utilization by
researchers and lake managers, however, predictive models based-exclu-
sively on nutrient 1oading and other physicoéhemical.parameters generaliy
accounted for only a moderate fraétion of the observed variability in
algal biomass and productivity (discussed by Carpenter and Kitchell
1987). By the mid 1970's, researchers began‘to question whether the
physicochemical environment necessarily constituted the most important
influence on phytoplankfon growth (e.g., Shapiro et al. 1975).

Whole-lake fisheries manipulations and plénkton size-fractionation
studies conducted during the past decade demonstrated that chahges.in
consumer abundance and community structure could have marked effects on

algal productivity (Henrikson et al. 1980;iShapiro and Wright 1984;

il
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Kitchell and Crowder 1986; Scavia et al. 1986a; Carpenter and Kitchell

1988; Elser et al. 1988).‘ Carpenter et al. (1985) prepbsed that changes

in the abundance of top carnivores were transmitted to virtually all

lower trophic components via complex food web interactions or "trophic

cascades." They also suggested that physicochemicalheffects on algal.

growth, though important, were manifested over:different‘time scales than
food web effects. §pecifiea11y, nutrient loading and water retention
time were credited with setting the long-term potentiai‘prpductiuity of
- a lake, whereasuinterannualruariability areund that potentialxwas thought
to derive from species interactions and food'web effects on nutrrent
ycllng |

The 1mportance ascrlbed by Carpenter et al. (ibid;) to nutrient
cycling (rather than to~gra21ng activities, per se) was based on euidenee

" accumulated over many years from-a 1arge number of marine and freshwater

studies Nearly two decades earlier, Dugdale and Goerlng (1967) had

postulated that phytoplankton productlon in nltrogen def1c1ent coastal'

and open oceanic waters was supported primarily by 1nterna11y recycled'

NH,* (i.e., NH,' derived from macrozooplankton excretion and microbial

‘ammonification activities) - rather than by newiy_ availahlev-(ife;,
‘externally derived) forms of assimilatable nitrogen such.as ﬁg or NO;:
The general validity of this scenario in.marine systems Was substantiated
in subsequent 1nvest1gat10ns (Harrlson and Hobble 1974 McCarthy et al
‘1975 1977 Harrison 1978; Caperon et al. 1979 Eppley and Peterson 1979;
Eppley et al. 1979a, b McCarthy and Goldman 1979; Gar51de 1981 Glibert

1982; Paasche and Krlstlansen 1982; Wheeler et al. 1982; Harrison et al

1983, 1987; Goldman 1984a; K01ke et al. 1986; Kokklnakis and Wheelerw"
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'1987; Sahlsten 1987). Furtherﬁore, zooplankton and bacterioplankton
remineralization procésses wéré found to provide a quantitatively
important source of assimilatable nitrogen and phosphorus in many
nutrient-deficient _freshwater ecosystems (Hargrave and Geen 1968;
Alexander 1970; Barsdété et al. 1974; Stanley and Hobbie 1977, 1981;
Korstad 1983; Henry 1985; Priscu and Priscu 1987; Priscu ét al. 1589).
It gradually become apparent that primary production, even when 1iﬁited
in the Liebig (1840) sense by the availability of a single nutrient,
could be influenced both by allochthonous supply factors 'and by trophic
interactions affecting the cycling of the nutrient 'éﬁong food web

components.

Rationale for Present Study

The emphasis placed on aquatic nitrogen cycling in the present study
stems from the emerging realization that many high elevation‘lakes are
pergnnially nitrogénudeficient (e.g., Axler et al. 1981; Goldman 1981;
Vincent et al. 1984; Morris and Lewis'1988;'Dodds et al. 1989). The
productivity of such ecosystems presumably is influenced both by the
allochthonous supply of assimilatable ﬁitrdgén and by the efficiency of
the internal nitrogen cycle. <Comparisons of allochthonousiy suppbrted
versus internally supported primary production would offer interesting
insight into the relative imporfance of physicochemical and biological
controls on alpine léke productivity. Long-tefm comparisoﬁs would reveal
the time frames over which the wvarious controls are manifested (ef.,
Carpenter et al. 1985) and disclose any capacity, on the part of the

biological community, to intensify nitrogen cycling interactions during
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periods of reduced nutrient loading (commensurate with the "hoot-

strapping" hypothesis of Perry et al. 1989).

Organisms responsible for nutrient cycling in alpiﬁe lakes have.

received little. scientific attent:‘i.on, and their identification pro{rides
an additional impetus for ‘this investigation. The' high biblogidal

diversity of some alpine lakes (e.g., Wells 1986) éuggests that many taxa

‘may participate in the nitrogen cycling process and ‘that patterns of NH,*

supply and demand may be relatively complex. ’l‘hé determination‘of‘the.
roles played by major food web components in nutrient cycling would

.provide an initial (and much sought after) basis for predicting the

effects of community compositional changes on resource-limited algal

growth (cf., Carpent.er‘and Kitchell 1‘9818);

Physicochemical vpertlirbations resulting in | altéred rates of NH;‘
regenerai:ion or inorganic nitrogeﬁ uptake theoretically', could \af'f‘ect the
productivity of nitrogen deficient alpine ‘lakes. Be‘c.;xﬁse L- many high
e1e§ation lakes in the western United-States and Canada are regarded ‘as

extremely sensitive to acidic inputs (Dodson 1981; Logan et al. 1982;

Gibson et al. 1983; .Harté et al. 1983; Turk and Adams 1983; Galbraith -

1984; Mangum 1984; Stuart 1984; Wells 1986), and b‘ecéuse some have

undergone historical decreases in alkalinity and pH, purportedly owing
to acidic precipitation (Lewis 1982), the effects of mineral acid

inputs on aquatic n‘itrogén‘ cycling are’ clearly of ecological  concern.

Inputs of NO, (as HNO,) in acidic precipitation 'conce-ivaBly could

ameliorate nutrient constraints on algal growth (see Paerl 1985) or
compensate for any ‘adverse effect of lake acidification on nitrogen

‘ assimilafion (cf., Merezhko et al.- 1986). However, aﬁ increased réliané‘e

L1 i
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by nitrogen-limited phytoplankton on atmospherically derived NO, (or a

decreased ‘reliance on regenerated NH,") would tend to reduce internal

(i.e., blologlcal) control . over phytoplankton growth -and could have,‘

.destablllzlng effects on lake product1v1ty (cf., Perry et al. 1989). The
documentation of such effects would imply that lake metabolic processes
are more sensitive to acidification than heretofore acknowledged (see

Schindler 1985, 1988a).
Research Objectiﬁes

The major objectives of this study were, first, to quantify the

influences exerted by internal and external nitrogen supply processes on

the biological productivity of a representative alpine lake, second,'to

1dent1fy the food web components contrlbutlng most 51gn1f1cant1y to.
'regeneratlve and ass1mliat1ve fluxes of nltrogen w1th1n said - 1ake and
third, to evaluate the constancy of the limnetic nitrogen cycle under
unusually severe environmental (pH) conditions. Specifically, this'stddy
attempted to: |

1) ‘ Assess the importance of nitrogen as a potentiallyﬂgroﬁth-
limiting nutrient within the lake and document any stimulatory (or
inhibitory) influences of,nitrogen-beariné snowmelt or ianOWing stream
. water on algaliphotosynthesis.
2) Determine the reletive effinities of phyteplankton for

regenerated versus nonregenerated nitrogenous nutrients.

3) Quantify in situ rates of NH/ regeneration\end'uptake_within'

the lake water column, documenting'the extent to which regenerative

‘processes provided for the nitrogen requirements of phytoplankton.
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4) Compare rates of Nﬁf regeneration and uptake between various
size classes of plankton and between eucaryotic and procaryotic organisms
present within the water column.

5) Examine the‘short-term (hbur to day) effects of pH reduction
on in situ, size-fractionated rates of NH,” regeneration ana uptake,
validating all field findings through carefully céntroiled and replicated
laboratory experimenfs.

6) Determine the physiological bésis for the effects alluded to
in (5), above. |

7) Determine the influences exerted.by different mineral acids and
mineral acid combinafions on inorganic nitrogen uptake and CO, fixatioﬁ,'
giving pa;ticﬁlar attention to ény‘stimulatory effects resulting from HNO,
enrichment. | |

8) Ascértéin the probable long-term effects of pH reduction on

within-lake nitrogen cycling processes.
Organization of Report

The remainder of this réport is. presen;ed in five chapters.
Chapter 2 provides a general description of the major geographical,
geological, climatological and biological features of the study area.
Chapter 3 describes the experimental methods and routine Qata coliection
procedﬁres employed in the study. Chapter 4 provides a general overview
of the field and laboratory findings, énd.Chapter 5 presents a detailed
discussion of these findings. Finally, Chapter 6 summarizes the major

conclusions stemming from this research.
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CHAPTER 2

STUDY AREA

Location and Physical Description

Numerous alpine and subalpine lakes occur within the Beartooth
Mountains of southcentral Montana and northwestern Wyomingf_ Based on
recent 1imﬁological survéys of this mpﬁntain'range (Marcuson 1980a-g;

‘Eileré,et‘al_ 1986; Landers et al. 1986), on.previous'lakgs sfudies

conducted in ‘the regioﬁ (Falter 1966; 'weils 1986) and ‘oﬁ a fieid
‘feconnaissance performed by_ the author in June 1985, 'Sﬁowbank Lake
(latitude 45°2'48" ndrth{ longitude }109°29'24" weét) appeared‘to'be
representative. of éhe range's highér elevation (>3,006‘ m);"lqwer_ ' _Jﬁ
alkaiinity (<200 .peq CaCO; 1) water bddieé‘and t;‘proVide a logisticaily
fg#siblé field setting for the present study. o |

| Snowbank Lake is pne‘of several alpihe lakes in the Hell‘Roaring"
Creek watershed of séuthwestern Carbon Cqunty+ Montana (Figﬁre 1). The

watershed comprises afpoftion of the Absa:oka-Beartooth.Wilderness and

‘falls under the adminisﬁrétioﬁé1 jurisdiétioh‘of thg‘U.S.:quéSt‘Service
(Custer NationallForest; Red Lodge, ﬁontana, hea&quartéré),_ Although
motorized'travél is forbidden Withiﬁ this wilderness region, Snowbank
.Lake'is directly accessiblé by hiking‘tfail and lies only 5~k¥'from the

nearést road (fair-weather jeep trail) and‘25‘kﬁ;from the‘ciqséSt'highway

'(Monténa/Wyoming Beartooth Highway). The nearest towﬁ_is'RedjLodge,
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Figure I. Location and physiographic features of the upper Hell Roaring Creek watershed.
Parenthetical values refer to elevation above mean sea level (as determined by Marcuson
1980d) .
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Montana,vlocated approximately 45 kﬁ (by trail and by road) to-fhe
northeast.
Snowbank Lake 1is situated in a glacial valleyv rock-basin (see
Hutchinson 1957) at an elevation of 3,060 m on the southeastern flank of
Mount Rearguard (summit elevation 3,720 m). The lake is approximately

3.6 ha in surface area and 11 m deep at its deepest point. Rockslides

along the southern shoreline have produced boulder and rubble-dominated .

substrata to a depth of at least 8 m. Elsewhere, shoreline substrata
variably consist of silt; sand, gravel, rubble, boulders ‘and bedrock.
Deposits of grey-green copropel have accumulated in the Qeépest‘recesses
of the lake. A depth contour map is'prévided in Figure 2; further

morphometric details are summarized in Table 1.

Table 1. Snowbank Lake morphometric characteristics.

Surface area : ' 3.6 ha
Maximum length o ' 30l m
Maximum breadth 194 m
Mean breadth ' 119 m
Shoreline length . ' 889 m
Shoreline development , 1.32
Maximum depth : | 11 m
Mean depth " . : 4.0 m
Mean depth:maximum depth ratio 0.36
Relative depth : 5.1%
Volume - 1.44 x 10° 1
Volume‘development | 1.08
Drainage basin area 12.1 ha
Drainage basin area:lake surface area ratio ‘ ‘ 3.36

Hydrological turnover time (ice-free season) . 5-20 days

-
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Figure 2. Snowbank Lake bathymetric contours and shoreline vegetation. Contours were determined by
triangulation (see Wetzel and Likens 1979) on 25 August 1985; the lake perimeter was
determined from aerial photograph (ASCS; 30 July 1971).
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AlthOugh‘Snowbank Lake receives runoff from snow fields throughout
the ice-free season, a small waterfail on the steep, s§uthwestern bank
constitutes a'more subétantial influen;, especially during‘drier years.
Tﬁe latter influent is derived primarily from subterr;néanv(i.e., boulder
field) drainage from Sliderock Lake, a large (32.8 ha), deep (75 m
maximum depth) cirqug lake located at the head of the watershed (lake
elevation 3,194 m). Snowbank Lake drains into a small, unnamed stream
which flows east-southeast for 0.6 km to’Hell Rdaring-Creek (Figure 1).
The water level of Snowbank Lake is relatively stable, fluctuating less

than 10 cm during most open-water seasons.
Geology

Located along the northwestern margin of the Big Horn Basin, the
Beartooth Mountains comprise an uplifted mass of northwest-trending,
exposed Arqﬁean rock, 100 km long By'Sb'km Wide.. Relief ranges‘fIOm
approximately 600 m aldng the southwestern border to over 2,100 m in the
northeastern region. The core of these mountains is complexly fractured
and consists primarily of granitic gneiss, flanked by metasediments aqd
migmatites with basaltic and metabasaltic intrusions of several ages and
felsic porphyry dikes, sheets and stocks of early Laramide age (Eckelmann
and Poldervaart 1957; Mueller and Wooden 1982; Mueller et al.'1982).

" Over much of the Beartooth massif, including the Hell Roaring Creek
viecinity, glaciatio;‘has resulted inla deeply dissected relief-and in the
formation of numerous lake basins. Poorly consolidated materials have

accumulated within many glacial valleys, contributing to rockslides which
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commonly extend beneath lake surfaces (e.g., Snowbank and Sliderock

lakes).

Soil parent materials in‘alpine regions of the Beartooth Mouﬁtains
are thin, heterogeneous and poorly weathered and originate primarily from
crystalline rock. In general, soils derived from these materials have
Tow inherent ferfility and are excessively drained, coarsely textufed,

acidic, 16w in - exchangeable base content, 'and impregnated with much
stone, cobble and‘gravel (e.g., Retzer 1974). On fhe alpihe plateaus,
" local soil characteristics vary considerably with differences in
vegetation, moisture availability; burrowing activity of animals, wind
disturbance,‘inéolapion, slope, aspect, and cryopedogenic processes.
Although profiles with A-B-C horizons occur in some.alpine turf soils
(see Watershed Vegetation section, this chapter), most have only A-C
profiles with 1little vertical differentiation (Johnson and Billings
1962). Permafrost is commoﬁ throughout_alpine regions of the Beartéoth
Mountains and is closest to thé soil surface in damp, péaty locales, such
as along the southeastern periphery of Snowbank Lake (éee Watershed

Vegetation section, this chapter).
Climate

'In dlpine regions of the central Rocky Mountains more than two-
thirds of the yearly precipitation may fall as snow, and accumulations
from individual winter storms may épproach-l m. Summer and autumn months
are relatively dry with most precipitation falling during brief, low

intensity showers. Snowfall may occur on any day of the year, and frost
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is common on summer nights. Average monthly wind velocities of 13 m s’
are not uncommon; during winter, guéts may exceed 45 m st (Retzer 1974).
Weather in the Beartooth Mountains is not monitored routinely above
2,000 m. However, Falter (1966), extrapolating from the data of Larson
(1930), the USDA (1941), Baker (1944) and Johnson and Billings (1962),
arrived at the following climatological summary for the Beartooth Plateau
(elevatioﬁ 2,911 m): growing season (days above 5.6°C), 42 days; average
annual air‘temperature, ;7.8°C; average daily maximum temperature for
July, 18.3°C; average daily minimum temperature for January, -21.6°C;
total annual precipitation (rainfall equivalent), 69-77 cm; total annual
'snowfall, 432 cm; average winter wind velocity, 7.5 m s?; aVerage summer
wind velocity, 3.9 m s'; average annual cloud cover, 55%; and average
August cloud cover, 40%. The length‘of the alpine open-water seasonlis
-~ variable among lakes and among years. Although manynaipiﬁe lakes in the
Beartooth Mountains are free of ice from late June to‘early October,
higher elevation (3,300-3,400), sheltered lakes may be open for less than
2 weeks in some years (Marcuson 1978, as cited by Wells 1986).
According to Schaller (1988), yearly snowfall acéumulations in the
eastern Beartooth Mountains entered a declining ‘trend in 1980 and
approached the 30-year low in 1986 and 1987. In the Snowbank Lake
vicinity, snow fields were reduced to discontinuous patches during tﬁe
summers of 1985-87. 'In each of these years, Snowbank Lake's open-water
season extended from the third or fourth week of June to the first;br

second week of October.
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Watershed Vegetation

The Beartooth Mountains comprise an alpine flora of great diversity.
Lackschewitz (1984) lists 386 species of alpine vascular plants indige;
nous to this region, more than reported for any oﬁhgr North American
mountain rangé (Anderson 1984). As discussed by Johnson and Billiﬁgs
(1962), alpiné vegetation in the Beartooths is composed of recognizable
plant associations which intergrade along envirommental (e.é., soil)
gradients. Four community types are .prominent, including (1) the Geum
turf, (2) the Deschampéia meadow, (3) the Carex bog and (4) the Salix
thicket.

Geum turfs develop on alpine summits, ridges and upper slopes and
are dominated by Geum rossii (R.Br.) Ser. Various sedges (especlally
Carex elynoides Holm) are locally abundant, as well as Silene écaulis L.,
Trifolium nanum Torr., Artemisia scopulofum Gray, Lupinus argenteus
Pursch, Smelowskia calycina (Steph.} C:A. Mey, Pélygonum bistorfbides
Pursh and Dryas octopetaia L. Deschampsia~meadow§ occur on well drained
soils of sheltered uplands, lower mesic siopes, and basiﬁs. In these
communities, Deschampsia cespitosa (L;) Beauv. is the dominant species.
Subdominants include Carex scopulbrum Holm; P. bistortéides, Trifolium
parryi Gray, Salix arctica Pall., Poa alpina L. and  Poﬁentilla
diversifolia Lehm.

-Carex bogs develop on wet alﬁine soils, such as occur immediately

downhill from perennial snow fields. C. scopulorum is the dominant

member of these communities. Other common species include Eriophorum

callitrix Cham., Juncus castaneus J.E, Smith, J. biglumis L., Polygonum

LIS
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viviparum L., Agfostis humilis Vasey, Koenigia isIandiqa L., Epilobium
alpinum L., P. alpina, Saxifraga oregana Howell, D. ceépitosa and

‘Ranunculus natana Meyer. Salix thickets occur in alpine valley bottoms,
often completely povering such areas with woody growth 25-50 cm in

height. Salix phylicifolia L;‘is the most common species, but S.

brachycarpa Nutt. and 'S. glauca L. occur near‘the subalpine transition.

Certain species, such as Viola adunca Sm., are restricted in distribution

to willow thickets; in addition, many of the bog‘sﬁecies ﬁenfioned

previously are represented in thicket communities.

A few 6ther forms of vegetation are common in the Beartooth'’s alpine
regions. Lichens, for example, are ubiquitous components of the alpine
landscape, growing on rocks, 'soil .and other suitable substrata. Liver-
Worts‘occuf along rivulets draining snow fields. Moséeslare represented
in each of the major plant communities; howevér, they are most abundant
in Carex bogs, where they contribute significantly to the formation of
‘peaty soils. Finally, isolated communities of stunted, wind-flagged
trees exist in many sheltered alpine locations; These trée communifies
may contain one or more of the following spécies: Juniperus communis L.,
Abies lasiocarpa (Hook.) Nutt., Picea engelmannii Parry ex. Engeln.,
Picea glauca (Moench) Voss and Pinus albicaulis Engelm. (Lackschewifz
1984).

~ Each of the major community types is represented in the Snowbank
Lake drainage basin. A damp area near the southeastern lake margin
supports a well developed bog community, willow thickets extend from near
the eastern periphery of the lake to a location far downstream, and the

ridge to the morth of Snowbank Lake supports Deschampsia meadow, grading
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into Geum turf near the ridge top. Although the steep slopes‘descending
to the western and southern shorelines of thé lake are .comprised
primarily of barren rubble, boulders and bedrock, an isolated coﬁmunity

of J. communis and P. albicaulis occurs on a sheltered ledge above the

western shore (Figure 2). Vascular hydrophytes are absent from the study

area.

General Aquatic Biology

Biological characteristics of alpine lakes in the Beartooth

Mountains are known primarily from a few descriptive limnological studie§
(e.g., Falter 1966; Wells 1986) and fisherf surveys (Marcuson 1980a-g).
Available data on algal biomass and carbon fixation rates and on limnetic
and benthic faunal density suggest that the productivity of the majority
of these lakes is very low (conditions tangiﬁg from oligo-mesotrophic to
ultraoligotrophic). In contrast, biological (especially phytoplankton)
diversity is relatively high. Phytoplankton communifies tend to be
dominated by diatoms during the open-water season; however, aesmids,
dinoflagellates, cyanophytes and various other algae -may ét times
contribute significantly to commﬁnity biomass. Zooplankton assembléges
generally are dominated by cladocerans and calanoid copepods, and the
classic Daphnia-Diaptomus association (see Dodds  1917) is common;
moreover, most of the alpine 1akes appear to contain several species
of limnetic rqtifers. Benthic 'macroinvertebrate communities are
dominated by chironomid larvae, sphaerid clams, and oligochaete worms.
Littoral macrophytes (and organisms dependent upon such vegetation) are

exceedingly rare in alpine waters of the Beartooth Mountains.

WLl i}
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Although.originally barren, many lakes in the Beartpoth'Mouhtains

now contain fish as 'a result of private and governmental stocking °

-efforts. Anderson (1984) estimates that 35% of thé Beaftooth's lakes
~ support fishe;iés\ (ei£her periodically restocked or entirely-‘sélf;
sustaining). Of the.remainingklakés, 40% are believed tévbe incapablé
of supﬁortihg viab;e~fish populations; éﬁd 25? are méintained infentibn-
ally in a natural (barren) state; Fish species present in alpine watérs
of the Beartooth Mountains inclﬁde Salvelinus.fbntinalis (Mitchill),
Salmo clarki Richatdson, S. gairdne}i Richa}dson, Thymallus arcticus
‘(Pallus)\and.S. aquabonita Jordan. The‘latfef twq taxa are rare in tﬁé
Beartooth Mountains, whereas S. fgntinalis, the most common aipiﬁe
species, occurs in as many as‘13% éf the region's-lakes (see Anderson
1984) .

Other‘than the data collected‘qver the coﬁrse‘bf thé‘presént spudy;
little informétion is available on tﬁe‘biological attributes of Snowbank
‘ Lake; However, this lake is knoﬁn to contain a éelf-sustaining,-little

exploited, stunted population of S. fontiﬁalis (Marcuson 1985), apparent-

ly derived from private stdéking,effofts in theH1§30's and suppleménted

by occasional "swimdowns" from Sliderock Lake (Frazier 1989; see also

Figure 1, this report). The lake also contains a conspicuous assemblage

of epilithic diatoms, and luxuriant growths of filamentous green algae

adhere to.the submerged bedrock surface -along the steép western shoreline

(Figure 2). Further details on the biology of Snowbank Lake are provided

in Chapter 4 and in-the appendix (tables 28-30).

LI L\
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CHAPTER 3
METHODS

The experiments performed in this study comprised three general
.catego_L;ies, including (1) algal 1imiting-nutrier;t bioassays, (2) inor-
ganic nitrogen uptake énd NH,* isotope dilution exp"eriménts, and
(3) acidification/physiological response experiments. Limiting-nutrient
bioas'é’ays evaluated the potential stimulatory e‘f"fect_s of“nitrogen and
phosphorus additions (.and precipitatip‘n and snowmelt enrichment) on
phytoplankton primary production (objective 1; Chapter 1). _ Nitrogen
uptake and isotope dilution experiments focused on the substrate kinetics
of NH‘{r and NO; uptake, on the size‘-fractionated time-course of NH,* and
NO;” uptake and NH," regeneration, on the importanc;a of ;:egenerated NH,* as
a potenﬁial source of nitrogen for phytoplaﬁkton growth and métaboli,sm,
and on the relative importance of procaryotic versus eucaryotic ‘pliankton
as agents of NH,* regeneration (objectives 2-4). Finally, the acidifi;:‘a-
tion/response experiments examined the effects of pH reduction on the
size-fractionated uptake and regeneration of NH*, 6n the timé course of
NH,* and NO,; uptake and NH,* regeneration, lon inorganic carbon fixation,
chlorophyll a prodpction and photosynthate partitioning by ph};toplanktoh,
on bacterAioplankton secondary production, and on other paraméters of
physidlogical and ecological interest (objectives 5-8).

This -chapter describes the methods and materials used in these

experiments and in the routine collection of lake physicochemical and
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biological data. All field and laboratory experimenfs and supporting
limnological measurements discussed in this chapter were conducted.during

the 1985-87 open-water seasons.

Sampling Procedures and Routine Measurements

"Sampling Procedures

Water was sampled at selected depths in the lake’s central basin

with the aid of an inflatable raft and a 2-liter PVC Van Dorn samplef.

Samples for measurement of pH, alkalinity and specific conductance were .

collected from a depth of 2 m. Additional samples were collected at 2-m
depth intervals énd from inlet and outlet streams and-later‘analyzed for
NH,*, NO;{ soluble reactive phosphorus (SRP), particulaté>carbon and
nitrogen and chlorobhyll a (discussed below). Lirear polyethylene (LPEY
containers were used for thé'collection; transport and storage of 511

water chemistry samples. These containers were cleaned prior to each

LLL_Y

field trip by rinsing twice with 8096 tap water, twice with 0.1 N HC1 and )

6 times with fxeshly deionized water; in addition, all containers were
finsed‘ with lake water immediately before. sample collectioﬁ (cf.,
Fitzwater et al. 1982). | |

Depth-integrated zooplankton samples were obtained by Verticél‘tows

with a conical net (63-pm mesh), equipped with a solid cod end to

minimize abrasive damage of specimens. Additional‘ZOOPIénkton samples

and all phytoplankton samples were collected from a depth of 2 m usiﬁg

a 2-liter Van Dorn sampler (1985-87) or a hose sampler designed for this

study (1987 only). The hose sampler consisted of a 2.5-m length of

flexible polyethylene tubing, fitted on one end with a glass funnel and
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attached by the opposite end to tﬁe stoppered opening of a 20-liter LPE
carboy. A sécohd, shorter'iength of tubing extended from tﬁe‘carboy to
the air intake of a heavy-duty foot pump. ‘The funnel end of the 1ongef
tube was lowered over the éide of the raft to a depth of 2 m; manual
operation of the pump forced water upward and into the carboy at 2-4
liters min’. The diameter of the tubing (Ow5-cm‘I.D,5 and the funnel

stem (0.4-cm I.D.) accommodated even the largest zooplankton in Snowbank

Lake (see Plankton Biomass and Community Composition, Chapter 4; cf.,

Boltovskoy et al. 1985).

Routine Measurements

Water-Column Transparency. - A'standard_ZO-cm black and white Secchi -

disc was used to measure the lake'’s transparency. Secchl measurements

were conducted-between 1000 and 1400 hours MDT, unless severe weather

conditions dictated otherwise. All measurements were made on the shaded

side of the raft, and the mean of the disappearance and Teappearance

depths was recorded.

Temperature and Dissolved Oxygen. Temperature and dissolved 0, were
measured at 1l-m depth intervals with a YSI model 57 portable meter,
coupled to a YSI combination thermistor/O, membrane probe. Thermistor

readings periodically were checked against those of an NBS-traceable

reference thermometer. ' The O, probe and meter were.air calibrated in.

~the field immediately before use in accordance with manufacturer’s

instructions.
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Alkalinity and pH. Measuremenﬁs of pH were performed iﬁ t#e‘field
on freshly collected, duplicate samples wusing a‘vCorning_ model 103
portable meter .and an Orion- modei .91-05' combination glass/calomel
reference electrode, following -stahdardization with NBS-traceable
commercial buffers (pH 7.0 and pH 4.0). Probe response time and slope
were monitored throughout the studyg probes failing to provide 98.0-
100.0% of the theoretical Nernstian‘slope‘or a stable response (<0.01 pH
unit drift rhin'l) within 5 min were replaced. Methods wused for pH
measuremgpt and electrode maintenance conformed to those of Pickering
(1980). Alkalinity titfations were conducted.potentioﬁetrically.(Corning
meter and Orion probe) on 100-ml samples using a 0.020 N HCl titrant
dispensed by microliter burette. Total-inflection-ﬁoint‘alkalinity was

calculated via standard graphical procedures (Stumm aﬁd Morgan 1981).

Specific GConductance. Measurements of specific conductance were
‘performed at fhe‘Montana State University (MSU) limnologiéal laboratory
within one day of sample collection, using a YSI model 32 meter and YSI
model 3403 conductivity cell. Conductivity meter/cell performance was
evaluated by measuring the resistance of a KCl soIﬁtion Standara, and

cell constant was redetermined periodically (APHA 1975).

Dissolved Inorganic Nutrients. Dissolved nutrient analyses were
performed on samples filtered under‘low vacuum (approximately 10 cm Hg)
through precombusted (475°C; 24 hr) Whatman GF/C filters. Filtrate was
stored on ice in darkness during tranéport to the MSU laboratory, then
frozen (-20°C) pending colorimetric aﬁalysis. SRP was analyzed via the

blue sol-forming reduction of phosphomolybdate complexes by ascorbic acid
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(Murphy and Riley 1962; Stainton et al. 1977). Ammonium.concentrations
were determined by the blue indophenol reaction between NH,*, hypochlox;ii;e
and alkaline phenol (Solérzano 1969) as modified By Priscu 1982).
Concentrations of NO;y + NO, were me;sured via the fed diazotizafion
reaction -between NO,, éulfanilamide and ‘N-1=napthylethylenédiamine
dihydrochloride, following hydrazine reduction of No; (Kamphake et al.
1967, as modified by Priscu 1982). At intervals‘during the study, tests

were conducted which excluded the hydrazine reduction step to provide.a

measure of NO, concentration; levels of NO, were consistently below the .

minimum limit of detection (0.03 uM).
'All dissolved nutrient samplés were ~analyzed in duplicate.
Standards comprised 25% of all nutrient sampies, and spikes comprised éﬁ

additional 5%. Recovery efficiencies for SRP and NHf'averéged approxi-

mately 98% during the course of the study; NO; recoveries averaged only

80%, requiriﬁg that apparenf concentrations‘Bé multiplied by a factor of
1.25 (Table 2). Reagent grade chemicals and ASTM Type I quality

(18 megohm) water were used in the preparation of all stock solutions and

- standards.

Table 2. Accuracy and precision of analytical methods used for deter-
mination of dissolved inorganic nutrient concentrations in
_Snowbank Lake.

Spike recovery - ' Replicability,‘ ' Number of

Parameter (mean % * SD) ~ (mean CV * SD) replicate groups
NH,* 97.8 + 3.5 5.4 1.7 5
NO, 80.0 + 4.3 6.9 + 1.2 5
+ 5.7 2.8+ 0.7 5

SRP * 97.6
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Particulate Carbon and Nitrogeﬁ. Particulate - carbon (PC) 'and

particulate nitrogen (PN) samples were obtained by filtering lake water
(250 ml sample’) through precombusted GF/C filters under low vacuum
(10 cm Hg). 'Filters were folded in half to. prevent the loss  of

concentrated seston, wrapped in aluminum foil, stored on ice during

‘transfer to the laboratory, and frozen (-20°C) pending determination of.

PC-and PN content. Analysés were conducted via flash-éémbustion gas
chromatogréphy (Carlo Erba ‘model 1106 elemental aﬁalyzer) usiﬁg
procedureé similar to those of Hilton et al. (1986). However, in an
attempt to incréase the service iife qf the quartz combustion columns
and to prevent their accidental clbggiﬁg,‘a 7-mm diameter suBsample was
excised from'each fiitér {using an aci&rcleaned cork;borerj\énd;analyzed,
The PC and PN loadings on filter discs were representative of 16adings
on entire filters (Table 3). All PC and PN anaiyses &ere staﬁdardiZed
relative td‘known masées of‘sulfanilaﬁidé‘(1985'onLy):br acetaniiide
(1986-87,, measured. to * 1 ug with a dahn mod§1?29 electrobalance;
moreover, &ll PC and PN data were corrected for backgroﬁnd carbon and
nitrogenvconﬁamination‘of filters ;nd encapsulating»tin foi1 (combustién

catalyst).

Chlorophyll a. Chlorophyll a samples were obtained by filtering

lake water through GF/C filters under low wvacuum (10 Cm‘Hg). Filters

were folded, wrapped in aluminum foil, stored on ice dﬁfing transit to

the laboratory, and frozen (-20°C) pending ‘chlorophyll a determination.

Analyses were conducted fluorometrically (Turner model 111 fluorometer)

on samples homogenized in a‘glass/teflpn tissue homogenizer and extracted.
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Precision of filter-subsample method for determination of
particulate nitrogen and particulate carbon concentrations.
Four 7-mm diameter discs were moved from each of 3 filters
(precombusted Whatman GF/C; 25-mm dia.) and analyzed via flash-
combustion gas chromatography. Seston contained on each filter
was derived from the same lake water sample. The far right
column provides a measure of wvariability between sample
aliquots. Note influence of sample volume on precision of
method. o

Parameter

All
Filter 1 Filter 2 Filter 3 filters

Particulate Nitrogen

Mean concentration (uM) 5.7 - 4.6 4.5 4.9
- Standard deviation (uM) 0.8 0.3 0.2 0.7

Coefficient of wvariation (%) 14.0 6.5 4.4 14.3
Particulate Carbon

Mean concentration (gM) 45,2 38.4 51.4 45.3

Standard deviation (uM) 7.3 ‘ 3.6 3.8 6.0

Coefficient of variation (%) 16.2 9.1 7.4 13.2
Sample volume filtered (ml) 196 ‘ 250 - 250 --

(4°C; darkness) overnight in 90% acetone (Lorenzen 1967). Concentrations

were corrected for phaeopigment interference by measuring fluorescence

both before and after'the acidification of‘acetoné extracts with 1 N HC1

(1% v:v).

Standard solutions were prepared by~diluting.pure Anacystis

nidulans chlorophyll a (Sigma) in 90% acetone. Stock concentrations were

confirmed spectrophotometrically using the ‘following monochromatic

equation (cf., Lorenzen 1967):

T 1,000 v
r -1 SAC V I,

C=(E - E) )
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where C = concentration of chlorophyll é (pg 1)

E, = pre-acidification extract absorbance at 665 nm minus
absorbance at 750 nm

E, = pc;st-acidification extract absorbance at 665 nm minus
absorbance at 750 nm

7= 1.7 = maximum acid ratio (.E;:Eb). fof vphaeop‘igment-fre,e
chlorophyll a standard in 90% acetone

SAC = 89 le.g cm? = specific absorption coefficient at 665 nm

for chlorophyll a in 90% acetone

v = volume of extract (ml)
V = volume of lake water filtered (1)
1 = path-length of cuvette (cm).
Plankton. TIdentification and Enumeration. Immediately after

collection, phytoplankton samples were preserved with Lugol's solution
(ls v:v), and 260p1ankfon samples were preserved with Kahle's solution
(0.4% v:v; 1985 only) or with buffered formalin (4% v:v; 1986-87), as
recommended by Steedman (1976) and Wetzel and Likens (1979). Samples
were stored in darkness at 1-4°C pending identification and enumeration

of specimens. Phytoplankton samples (100 ml 'each) were concentrated by

settling in 20-cm sedimentation chambers. for 5-7 days, then counted

with the aid of a Zeiss inverted microscope (Lund et al. 1958). Net-
concentrated samples were examined qualitatively for crustacean
zooplankton using a dissecting microscope; for more difficult identifica-
tions, a compound microscope was used following glycerin clearing of

specimen soft body tissues (Brooks 1957). .

— ]
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Limiting-Nutrient Bioassays

Nutrient _Enrichment Ekperiments

These ldaboratory experiments exa.ﬁlined the effects of nuti'iént
additions on ™CO, uptake ‘by Snowbank Lake phytoplankton. . They were
commenced upon return from the f_iel.d’ using lake water collected 6 hr
earlier from a dépth of 2 m (Van .Dofn sampler, 1986; hose. sampler, 1987)
and transporfed (in ‘darl‘cness, at prevailing lake water temperadture * 2°C)
in a 20-liter LPE cérboy. Treatments (in triplicate; 250-ml .samp];es in
LPE bottles) include’d unamended lake water controls anci samples augmented
with PO} (0.3 pM as KH;PO;,), ‘NH,,* (5.0 pM“és NH,C1) or‘-,‘ on one occasion
(7 September 1987), both nutrienfs sim,ultaﬁeouély.. P'grallel treatments

were performed on lake water screened through 80-uM mesh Nitex netting

to remove the large colonial alga, Volvox tertius Meyer (see Plankton

Biomass and Community Composition, Chapter 4).  All samples were
preincubated at 300 pE m? s! (GE soft-white) and the prevailing lake

temperature for approximatelj 24 hr, then inoculated with 2 uCi of “C-

NaHCO, solution and incubated for an additional 6-18 hr. Incubations ’

were terminated by filtration (GF/C). Filters containing “C-labeled

seston were transferred to glass scintillation vials, to which 10 ml of

Scinterverse E scintillation cocktail ‘(Fisher) were added. The XC
activity of the COncentrate_d seston was determined via -standard liqﬁid
scintillation spect'rome_t;y (Steemaﬁ.Nielsen' 1951, 1952; Wetzel ‘an‘c>1 Likéns
1979); activity measurements were converted from counts min?! (cpm) to
disinte-grations min' (dpm) through the sample channels rati§ méthd,

I4

DL )
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using acetone as the quenching agent and “C-toluene as the radioactivity
standard (ef., Schindler and Holmgren 1971). .
In a related expériment, the ‘stimulatory.effects ‘of major nitro-
genous nutrients on C uptake were compared. Treatments (triplicate 100-

ml samples in 250-ml LPE containers) included unamended lake water

controls and lake water samples augmented with 3.6 uM nitrogen, in the

form of NH,*, NO,; er urea. Following preincubation (300 pE m? s?,

prevailing lake tempe‘raturé, 24 hr), each sample was. inoculated with

1 pCi of *C-NaHCO; solution, incubated (preincubation conditions) for

11 hr, and filtered (GF/C). The ¥g activity of seston retained omn.

filters was assayed by liquid scintillation spectrometry.

Snowmelt Enrichment Experiments

These laboratory ex.periments examined the stimulatory effect of snow
field runoff and snowfall on CO, uptake by phyi;:oplankton.. Meltwater was
¢ollected in LPE containers from small streams flowing throﬁgh snow caves
.(June v1987)' or draining the surfaces of snow fields (September 1987).

On oﬁe occasion (September 1987) freshly fallen snow was collected in

clean LPE contaiﬁers (see Sampling Procedures, this chapter) and .

permitted to melt (0-2°C) during transit to the laboratory. NG

meltwater and snow collections were made within 50 m of the lake .

shoreline. Treatments for the June experiment included unamended lake
water .contr;')ls and a lake water:meltwater dilution seri'e.s of 7:1, 3:1,
1:1, 1:3, and 1:7. Snowmelt Wés not filtered in this exPé;'iment, and it
was believed that the presence of particulate matter, including snow

algae (Chlamydomonas spp.; see Smith 1950) might have affected the
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bioassay results. Hence, the September experiment included unamended

lake water controls and a lake water:filtered (muffled GF/C) meltwater -

series (3:1,r1:1, 1:3), in a&dition to a lake water:nonfiltered meltwater
ltreatment (3:1) for comparison. Also, a treatment cOmprised'of'lake
water and mnonfiltered water from fréshly melted snow (3:1 ratio) wa§
included in the September experiment. Sampleé (3 per treatment, 260 ml
each, in clear plastic flasks) were inoculated.with:Z pCi of C-NaHCO, and
incubated .25 hr (June) or 14 hr (Septemﬁgr) ét 300 ﬂE m? s! and the
prevailing lake temperature. Incubations were terﬁinated by filtratiénQ.
and‘thé MG activity of the ;oncentratednseston was determined by standard
scintillation‘spectrometry. Seston ¥C activities,‘expressed as percent
control acfivitj, were _éorrected for differences in pH (i.e., '”COZ
specific activity) and phjtoplankton dénsity between dilution treatments
(see Table &4 and Comparative Effects of Mineral Acids on Inorganic Carbon

" Uptake, this chapfer).

Table 4. Chemical comparison of lake watér, snow field runoff, snow, and
¥C-NaHCO, inoculant used in 2 September 1987 meltwater
enrichment experiment. : : '

- Medium -

Chemical ‘
parameter . Lake water Runoff Snow ~ Inoculant
pH (at 25°C) . 7.0 6.8 6.7 9.6

) : : (unstable)
Alkalinity (meq 1?, CaCO,) 124 22 18 - 1,430
Dissolved inorganmic C (uM) 158 33 25 © 1,292
NH,* (uM) 0.08 6.31. 6.76 " presumed nil
NO; (M) : - 0.78 8.01 4.53 presumed nil

SRP (uM) - 0.12 0.54 0.14 - presumed nil
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N'itrogen Uptake and Isotope Dilution Experiments

Substrate Kinetics of NH,* and NO, Uptake

The substrate kinetics of NH,* and NO, uptake by mnatural phyto-
plankton assemblages were examined on 8 occasions during the study. On
each occasion‘, a 20-liter lake water sample was collected from a depth
of 2 m by repeated use -of a‘.2‘-liter Van Dorn s‘;ampler (1985;86) or by use
of the hose sample‘r (1987).  The carboy éontainiﬁg th'el sample was
transferred immediately to a tent on shore. Aliquots were removed‘for‘
later determination of NH,*, NO,, "SRP, chlorophyll a, PC and PN concentra-
tions and for later identification and enﬁmeral'tion of plankton. Six
250-ml subsamples ,Wéré inoculated with progressively larger volumes of

99 atom-% P“NH,* stock solution (Bio-Rad U“N-(NH,),SO,, 1985-86; MSD

.ISN-NH‘,Cl, 1987) to produce aqueo@s enrichmernts of 0.1, 0.4, 0.7, 2.0, 3.3

and 6.7 upM; similarly, 6 subsampl‘és were inoculated with 99 atom-$% ‘15N03'
stock solution (Stohler “N-NaNO,) to produce an iden.tical- series of
concentrations. The inoculated subsamples were incubafed at the depth
of collection (3 August 1986 only) or at thé ﬁater .‘s’urface uﬁder neutral
density screening (40% surface irradiance). Incubations lasted approxi-
mately 5 hr and were terminated by 1o‘w-vacuum‘ filtration (10 cm Hg;
precombusted' GF/C). Filters were stored on ice in darkﬁess during
transfer to the laboratory, then frozel-n (-20°G) pending analysis for
seston N enrichment. The N analyses involved conversion of all
particulate nitrogen to N, via Duinas combustion (Priscu 1984), follo&ed

by ®N:®N +MN ratio (or "N atom-%) determination by optical emission

spectrometry (Timpei:ly and Priscu 1986). . All' BN atom-% measurements were -
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made relative to PN/™N serine standards of known isotopic composition

(Figure 3).
For each NH,* and NO; expéfimental‘concentration (spike plus ambient

concentration), uptake rates were normalized to PN concentration using

the following model (cf., Dugdale and Wilkerson 1986; see also Limita-

tions of Nutrient Ubtake‘Modéls; Chapter 5, this report):

N, PN .
S N o 2
where . P ¥-’uptake rate (uM hr4)
PN = particulate nitrogen coricentration (uM)
BN, = SN:®N + YN ratio of NH,* or NO, fraction at start of

incubation

BN, = "N:“N + MN ratio of particulate nitrogen and end of

incubation
"N, = "N, minus the naturally occurring PN:®N + ¥N ratio
- (0.00365) | | |
t = duration of incubation (hr).

Ammonium uptake rates calculated via equation 2 required-correctionifor
changes in “NH,* specific activity (i.e., isotope dilution) resulting from-

“NH,* regeneration within the experimental vessel (see Garside 1984). The.

foliowing equation from Kanda et al. (1987) was employed:

o
1+ BEEyp)
— g (3)

Pc = -
7 rPt
P P. S

S
P t
S

c
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r2 = 0.99996
b =1.0268
a =0.3051

Serine Standard (atom-% 15\)

Figure 3. Typical standard curve for B atom-% measurements performed
by optical emission spectrometry.
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where P, = NH,* uptake rate (uM hr') corrected for isotope d‘ilut]’..oﬂ
r = NH' regener.ation rate (uM hr?; discussed below)

'S = NH,* concentration (uM) at start of incubation.

-

Rather than assign an'arbitrary value to the ratio r:P, to facilitate the -

analytical solution of equation 3 (ef., Kanda et al. 1987), ¢ was
determined empirically through- concurrent regeneration ‘time-course
experiments or acidification-response experimehts' (i.e., ‘control

treatments; see below). Henc‘é., the equation could be rewritten in the

form:
S 3
141 - KR P,
0 , : - — 4
| kK k, )
T -k

where k, = P S8 t, k, = r,‘ and k, = P. The rédt of this function was

solved nunieric‘ally‘ us’ing‘ a b‘is‘ection-b-ase'd .techniqﬂue, ‘similar to.’tha':t

.describgd by Press et al. (1986). |
Substrate kinetié constants (K, and P,,) for volumetric NO, uptake

and for volumetric regeneration-corrected NH,* uptake were calculated

numerically by applyiﬁglMarquardt's aléorithm to the following equation

(see Michaelis and Menten 1913; ecf., Li 1983):

" (5)

where P, = uptake rate (pM hr') corrected for isotope dilution
P, = maxiium dilution-c‘orrec;ted uptake rate (uM).
S = NH* concentration (uM)

K. = NH,* concentration at which P, = P_. + 2.
. 4 ' ¢ max .
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Substrate Competition Experiments:

NHf versus NO,S

Effects of NH,* Concentration on NO,; Uptake. This laboratory
experiment examined the influence of NH,* concentration on phytoplankton

uptake of NO,. It was commenced upon return from the field, using lake

water collected 6 hr earlier from a depth of 2 m (hose sampler) and

transported (in darkness, at prevailing laké water temperature * 2°C) in
a 20-liter LPE carboy. Treatments (in triplicate; 250-ml samples in LPE
- bottles) included unamended lake water controls, formélin (4% v:ﬁ) kills,
and samples enriched with 0.7, 1.4, 3.6 or 7.1 pM NH,*. Following é 6 hr

preincubation at 300 pE m? s

and the prevailing lake water temperature
(at the time and depth of collection), all treatments were inoculated

with 99 atom-% “NO, (0;3 pM.added‘concentrationj, then incubated for 24

hr under preincubation conditions. Incubations were terminated by.

filtration (muffled GF/C), and the N enrichment of the seston was

determined via emission spectrometry.

Effects of NO, Concentration on NH,* Uptake. This exﬁeriment was
berformed concurrenfly with the éxﬁeriment described in the preceding
paragraph. Experimental conditions were identical, except that the roles
of NO,; and NH,* were reversed; i.e., treatments‘included formalin kills
and 0, 0.7, 1.4, 3.6 and 7.1 pM NO; enrichments, each inocuiated with

99 atom-% NH,* (0.3 uM added concentration).

Time Course of NH,* Uptake and Regeneration

Ammonium wuptake and regeneration time-course experiments were

performed on 4 occasions in 1987. In each experiment, a 20-liter lake
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water sample‘Was collected by hose sampler from a'd;pth of Z‘m and
transferred immediately to a tent on shore. Aliqﬁots were removed for
later anal&sis of various chemical 'ahd; biological‘ propertiés (see
Kinetics of“NE;’and NO; Uptake, this chapt¢f). Threé 2-liter subsamples
were transferred to 4-1iter polyethylene bottles and inoculated with 20
atom-% “NH,* for an added concentration of 3.6 uM NH,*. Imﬁediateiy after
inoculation, a 250-ml aliquot was removed from each subsample and
filtered fhrough a precombusﬁed GF/C‘filter; both filter and‘filtrate
were retained for later analytical determinations (discussed below). The
remaining'volume was incuba;ed at the water surface under neutral density
_ screening at 40% surface irradiance. ‘(Incubétion-periods.varied,among
experiments but in all cases were between‘S and 22 hr.) At intervals
during the incubation, 250-ml aliquots ﬁere removed and filtered (GF/C).
As before, filters‘and filtrate were retained for chemical analysis. All
filters . .anhd filtrate samples accumulated during the time:-course
experiment &ere storéd‘on ice in darkneés pending transfer to the MSU
limnological laboratory. |

Laboratory determiﬁations of‘ seston PC‘ and - PN . qohtent lﬁeré
. accomplished by subjecting a 7-mm subéémple from each filter to %lash-
combustion gas chromatogréphic analysis (see Routine_Meésurements, this
chapter). Based on this analyéis, a section of the filter corresponding
- to 0.7 pﬁdliof_seston nitrogen was subjected tO‘Dumg§ cqmbusﬁion, then
analyzed for - ®N enrichment by emissibnfspectrometry (note: combuétion
“tube loadings of 0.7 pmol PN, or 0.35 pmol N, following Dumas comsustion,
were found to provide the strongest emiséion signai and the highest

signal-to-noise ratio; cf., Timperley‘and Priscu 1986; see also Kinetics
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of NH;* and NO; Uptake, this chapter). From each filtrate sample, two

10-m1 aliquots. were removed and analyzed for NH,* content. The NH,*

fraction in the remaining volume of filtrate was isolated for isotopic

analysis using a molecular sieve-baséd extraction procedure adapted from
Lipschultz (1984). This method entailed the addition of 0.1_mg‘activated
(200°C; 4 hr) zeolite powder (Ioﬁsiv W-85; Union Carbide) per ml of
filtrate. The zeolite suspension was‘miged thoroughly, and 30 min was
ailqwed for zeolite "entrapment" of NH,*. At the end of this period, the
suspension WéS‘again.mixed, and the zeolite-NH," complex was filtered onto
a muffled GF/C filter and dried ovefnighf'at 30°C. The efficiéncy of
zeolite as an NH,* scavenging agent was calculated via the following

equation:

s efficiency = 100 [1 - ([NH,*] + [NH*],0)] (6)

-where [NH*],. refers to the aqueous NH,* concentration before zeolite
extraction and [NH,"],, refers to the aqueous NH,* concentration immediate-

1y following extraction. Based on an estimated extraction efficiency of

93% (Téble 5), a portion of the NH,"-enriched zeolite (corresponding to:

0.7 pmol seston nitrogen) was subjected to Dumas combustion and analyzed
for PN enrichment via emission spectrometry. A consistent discrepancy

between the expected and observed "N atom-% enrichment of zeolite was

noted following the extraction of 1SNH‘,,“-a..ugmented lake water samples -of

known “NH,*/“NH,* composition; i.e., the extraction procedure appeared to
discriminate between “N and “N isotopes. The extent of this discrimina-

tion was estimated from the following relation:

.
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% discrimination = 100 [UﬁL@ - BN, = PNew] 7)

where ENQP refers to the expected N atom-% enrichment of the zeolite,
and "N, refers to the observed “N atom-% enrichment. A correction
coefficient of 1.19 was applied to all zeolite “N atom-% data, based on
an estimatéd isotopic discrimination factér of 16.14% (Tabie 5). Further
tests revealed that both extraction efficiéncy and‘isotopic aiscrimina-
tion were influenced strongly by the electrolytic composition of‘thé
water sample (implfing that correction coefficients ﬁsed in conjunction
with the zeolite extraction procedure were specific to Snowbank Lake,

i.e., that such coefficients must be determined, and applied, on a site-

specific, stﬁdy-by-study basis; see Table 5 and Figure 4).

Table 5. Ammonium extraction efficiency and “N isotope discrimination by
zeolite in filtered (GF/C) surface water samples of widely
contrasting ionic content. Surface water samples containing
known ambient concentrations of “NH,* and augmented with 7.1 uM
“NH,* (9.61 atom-%) were subjected (in triplicate) to zeolite
extraction. Extraction efficiency and isotopic discrimination
were calculated (as percentages) via equations 6 and 7,

respectively.
Specific Extraction Isotopic
conductance refficiency discrimination
Water body sampled (umhos cm?) (% = SE) (% * SE)
Snowbank Lake 16 93.16 £ 0.89 16.14 = 0.01
MSU campus pond 558 49:13 + 2.27 53.67 £ 0.03

Ross Sea, Antarctica 49,416 ' 5.50 % 0.00 . 83.07 + 0.01
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Figure 4. Ammonium extraction efficiency and isotopic discrimination by

zeolite as functions of NaCl concentration. Values shown
represent treatment means = standard error and are corrected
for MWH4+ contamination of added NaCl. Curves are based on
fifth-order polynomial fitting of experimental data.
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Ammonium regeneration rates were calculated using the following.

equations (Bl-ackh;urn 1979; Caperon ‘et al. 1979_;' Laws 1984):

In(R/R,) (8,-5))

= In(5/5.) € ; | S, # S, , (8?
| In(R,/R,) S, ‘
r = P ;S =5, : 9)
where r = NH,* regeneration rate (uM hr?) = -
R, = ratio.of PN to total nitrogen in the‘NH‘,+ phase at start

of time step, minus naturally c;ccurring ratio of 0.00365
R, = ratio of BN. to total nitrogen in the NH,” phase at end of

time step, minus naturally occurring ratio of 0.00365

S, = concentration of NH,* (uM) at start of time step
S, = concentration of NH,* (uM) at end of time step
t = duration of time step.

Ammonium uptake rates were corrected for isotope dilution using the
following ‘equations (Laws 1984; see also Blackburm 1979; Caperon :et al.

1979; Glibert et al. 1982):

p PN o L
P, = —— > - (10)
‘ R t :
- RoSo - RtSt ' ‘ | !
R e | v

u=r - [(Srso‘)/t]h | | | (12)
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where P, = dilutionvcorreéted'NH;“ uptake réte (M hr?'), based on
incorporation of BN into particulate matter
PN = ~average of particulate nitrogen concentrations at start
and end of fime step‘fsee Limitat;bn; of Nutrient Uptake

Models, Chapter 5)

p = ratio of “N to total nitrogen in»particulate matter at

LU

end of time étep (less 0.00365) minus ratio-at start of'

time step (less 0.00365)

e ]}
i

‘ “average“ value of R during time Step (discussed below).
u = apparent NH,* uptake rate (uM hr?), based on change in NH,*

concentration and “NH,* specific activity.

The variable R also was calculated as‘an‘arifhmetic'average (Dugdale and

Wilkerson 1986) and compared with values éalculated via equation 11;

differences in the computed R values were statistically insignificant

(p > 0.05, t-test). Estimates of uptake rates at ambient substrate'

levels were calculated via équation 5 (cf., Maclsaac and Dugdale 1972;

Williams 1973; Hoppe 1978; Axler et al, 1982). Values for Pmu:and;Ktwere‘

derived from the uptake kinetic experiments considered previously. The
kinetic experiments and time course experiments were performed concur-

rently using subsamples removed from the same 20-liter lake water sample.

Metaboiic.Inhibitor Experiments

These laboratory experiments were designed to compare NH," regenera-

tion rates between pfbcafyotic and eucaryotic components of the lake

plankton comminity. The antibiotics chloramphenicol and cyclohexamide

(inhibitors of protein synthesis in procaryotes and ,eucaryotés,-
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respectively) were used to terminate or radically impede NH,* metabolism
among affected groups of organisms (c¢f., Wheeler and Kirchman 1986). The

first of two such experiments (26 June 1987) was geared toward microbial

components less than approximately 1 um in size and involved the

filtration of all experimental water through precombusted GF/C filters:

’Treatments (in triplicate; 500-ml samples in LPE bottles) included
filtered controls, formalin (4% v:v) kills, samples amended with 50 mg
cyclohexamide liter?, and samples amended with 50 mg chloramphenicol
literf. After a 2-hr preincubation‘at 185 wE m? s and the prevailing
lake water temperature, sampies were inoculated with 20 atom-% “NH,* fdr

an added concentration of 3.6 uM NH,. Two 10-ml aliquots were removed

from each sample for determination of NH,* concentration, and a 230-ml

aliquot was subjécted immediately to zeolite extraétion. ‘'The remaining
volume was incubated (preincubation conditions) for 6 hr, then tested
for NHj'conceﬁtration and subjected to zeolite extraction. - Regeneration
rates were calculated on the basis of measured éhanges in NH,;* concentra-
tion and ®N enrichment (equations 8 and 9).

The second inhibitor experiment (2 .September 1987) involved a
somewhat‘different protocol. Modifications included (1) the inclusion
of both nonfiltered and filtered (GF/C) lake water samples in parallel
treatments, (2) the doubling of antibiotic concentrations, (3) an

increase in preincubation period to 30 hr and (4) the termination of

incubations via filtration (GF/C; nonfiltered treatments only) or via '

zeolite extraction (filtered treatments). The increases in antibiotic

concentration and in preincubation period were intended to ensure the-

metabolic inhibition of the large eucaryotic zooplankton (e.g., Daphnia)
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present in the nonfiltered lake water treatments, as well as the

inhibition of any carapace or gastrointestinal microbial communities

 -associated with these zooplankton.

Acidification-Response Experiments

Effects of pH Redtiction on Size-_Fractionated
Uptake and Regeneration of NH*

These v.expér‘iments were cond‘ucted on j5 occasions during tﬁe study.
On each occasion, a 20-liter 1a1;e water sample was collected from a dépt'ﬁ
of 2 m, eitﬁer throu.gh‘repe;ated use of. a 2-liter capaci.ty Van Dorn
‘Sampler. (1986) or via the hose sampler (19875 . The carboy containing the
sample .Was transfefred immediateiy to a‘f:e"r.xt on :shore. Two 250-ml
subsamples were“ fiitered through i)recombusted GF/C filters; the filtefs
and-filtrate were retained for ‘later labo'rlatory detérmiﬁé’tion of NH*,
NO?', SRP, chlorophyll a, PC and PN conce‘n.trations. A 1l-liter subsample-
provided zoopla;:lkton gnd phytoplankton specimens for later identification
and enumeration (see Plankton Identification a.nd f.'zil_zmeration, this
chapter). Six ‘5‘00-m1l subsamples, including 3 which had been gravity
filtered thr'ough 63_-“-pm mesh Nitex--netting,‘ were acidified td 100 £ 2
times the ambient H* activity using predet,e-rmined‘volume‘s‘ of 0.‘02 N HClI

(see Alkalinity and pH,. this chapter). These 6 subsamples comprised the

L NLA

experimental group,. consisting of triplicate screened ‘and,trip',-].j;cat_e non- -

- screened subsamples. A control ;groﬁp was prepared in the same manner,
except that pH was unaltered. Following a 10-min equilibration period,

each of the 12 subsamples was inoculated with 20 atom-% “NH,* for an added

concentration of 3.6 uM NH,*. Immediately after isotope addition, a
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250-ml aliquot was filtered (precombusted GF/C), and the filter and

filtrate were retained for later laboratory analysis. The remaining

volume was incubated in an LPE bottle at the depth of collection

(3 August 1986 only) or at the water surface under neutral density

screening (40% surface irradiance). After 3-10 hr, incubations were

terminated by filtration (muffled‘GF/C); filters and filtrate were
retained, as before.

All filters and filtrate were stored on ice in darkness during

transfer to the laboratory, then frozen (-20°C) pending analysis for PC .

and PN content, seston “N enrichment, NH,* concentration and “NH,* atom-$%

enrichment: Ammonium regeneration rates’ were calculated via equations

8 and 9; NH,* uptake rates were corrected for isotope dilution and
substrate enrichment using equations 5 and 10-12.

Effects of pH Reduction on Time Course of
Nitrogen Uptake and Regeneration

These laboratory experiments examined the influence of acidification
oni the time course of 'NH4+ regeneration and uptake and on the time course
of NO; uptake. | Four ‘4-liter LPE containers were filled with 3 .‘8 liters
of lake water', and the pﬁ of two of these samples was decreased 2.0 + 0.1
PH units by the addition of 0.02 N HCl (required volume predetermined by
electrometric titration). “After a 15-min lecjuilibra,tion périod, one
-unamended‘ sample and one acidified sample were inoculated with 99 atom-%

lSNH‘,‘f (3.3 pM added concentration); the other 2 samples were inoculated

with 99 atom-% ®NO,” (3.3 uM added concentration). The samples were

swirled gently for approximately 30 s to ensure uniform mixing. A 200-ml

aliquot was removed from each sample and filtered (muffled GF/C), and
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filter and filtrate were frozen (-20°C) pending chemical analysis.
Sampleé were incubated at 300 pE m? s™ .and the prevailing lake temperature
(at the depth' and time of collection). Aliquots were removed and
filtered at intervals of 1, 3, 7, 15 and 23 hr; filﬁers'and filtrate were

frozen pending chemical analysis. All filters were analyzed for PC and

PN content and seston ®N enrichment; filtrate from “NH,*-enriched samples-

was analyzed for NH;* concentration and N atom-% enrichment. Nitrate
uptake rates were calculated according to equation 2. Ammonium regenera-
tion rates and uptake rates (corrected for isotope dilution) were

calculated via equations 8-12.

Threshold of pH-Related Effects on Nitrogen Uptake

This laboratory gxperiment examined the influence of aqueous [H'] on
NH,* and NO,” uptake over a comparatively broad pH range; specifically, it
attempted to identify a threshold pH wvalue above which impacts on
nitrogen uptake did not . occur, at least in the time frame of the
experiment. The pH of 36 200-ml lake water samplés was adjusted (0.02 N
HCl) in groups of 6 to provide the following series of pH values: pH 7.4
(control), pH 7.0, pH 6.0, pH 5.0, pH 4.0 and pH 3.0. After a 5 min
eqﬁilibration period, 3 samples in each pH category were int;culated with
BNH,* (99 atom-%; 6.7 pM added concentration); ﬁhe remaining samples were
inoculated with “NO, (99 atom-%; 6.7 uM adde‘d‘ concentration). Following
incubation at 185 uE m? s’ and the prevailing lake temperature for 28 hr,

the samples were filtered (muffled GF/C) and the filters frozen pending

analysis of seston “N enrichment by emission spectrometry. Enrichment of

N TN
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the seston was expressed as a percentage of the control enrichment and

compared among treatments.

Comparative Effectvs,uof Mineral Acids on Algal
Nitrogen Uptake and Chlorophvll a Concentration

These laboratory experiments examined- the effects of various mineral .

acid§ and mineral acid combinations on algal. NH,* and NO; uptake and on
chlorophyll a concentrat;ion (an indicai:or'of algal b‘idmass) . Tw'er.;ty-four
500-ml lake water samﬁ-les were acidified (2.0 * 0.1 pH units) in groups'
of 6 using 0.02 N HCl (reagent grade), HNO, (Ultrex grade, J.T. Baker),
H,S0, (Ultrex grade), or HNO, plus H,S0, (lL:1 N, Ultrex grade). Six
additic;na;l unacidified samples served as ‘controls. After a 5 min
equilibration period, 3 samples in each acidification and control

category were inoculated with “NH,* (99 atom-%; 6.7 uM added concentra-

tion), and the remaining 3 samples in each category were inoculated with

BNO, (99 atom-%; 6.7 uM added concentration). Incubations lasted 14 hr
(8 July 1987) or approximately 30 hr (6 and 27 September 1987) and were

terminated by filtratiim (muffled GF/C).. Seston retained on filters was

analyzed for chlorophyll a content and for BN enrichment using methods .

described previously. In treatments involving additions of both “NO;
and HNO,, uptake competition between “NO; and “NO, required that correc-

tions be made for reduced aqueous .NO, specific activity. Given the

likely saturation of NO; uptake mechanisms at “NO; + ¥NO, concentrations-

exceeding 6.7 pM (see Kinetics of NH/ and NO; Uptake, Chapter 4),

reductions in measured rates of specific uptake (i.e., V, where V=P =+ -

PN; see equation 2) resulting from the dissociation of HNO, were deemed
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proportional to the decrease in “NO;:NO; + “NO, ratio and were corrected

for using the following equation:

corrected uptake = 2 arznﬁ ; take ‘ (13)

where a. = 15NO3::total NO; ratio, given completé dissociation of added
HNO,

b = UNOy:total NO, ratio, assuming (hypothetically) no

dissociation of added HNO,.

Comparative Effects of Mineral Acids .
on Algal Photosynthesis

These laboratory experiments evaluated the relativeﬁinfluences of
various mineéral acids on inorganic carbon uptake by phytoplankton.
Treatments (6 replicates each; 60-ml lake water samples in 70-ml glass

serum vials) included unamended controls and experimental treatments

amended with HCl, HNO,, H,SO, or HNO, plus H,SO, (1:1 N). Following the

. addition of the mineral acids to experimental samples (2.0 * 0.1 pH unit
rgduction;‘30 min equilibration period), all vials were sealed with gas-

tight rubber septa .and injected (via tuberculin.Syringe)'with 0.1 ml of

10 pCi ml? ¥G-NaHCO, solution. Incubations were conducted at the"

prevailing lake temperature and 185 uE m® s? for 26 hr (6-7 September

1987) or 29 hr (28-29 September 1987) and terminated by filtrafion

(GF/C). The *C éctivity of the seston retained on filters was determined’

by-liquid scintillation spectrometry, using methods described previously

in this chapter (see Limiting-Nutrient Bioassays).

LU
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Comparisons of inorganic carbon uptake between lake water controls

(ca. pH 7) and experimental treatments (ca. pH 5) reqﬁired that correc-

N A O |

tions be made for [H*]-related effects on inorganic carbon concentration -

~and, following the sealing of the sample containers and inoculation, “CO, -

specific activity. Accordingly, the pH and alkalinity of ‘thé ¥G-NaHCO,
inoculant were determined potentiometrically, permitting total inorganic
carbon concentration (C;) to be estimated via the following relation

(Pagenkopf 1978):

alkalinity - [OH]

Cr = o F 20, | (14
‘ KKa[H'] ) |
where % T RRK, + KK, [H] + KR ]2 + Ky[H'] - (@3
- KKK, : (16
% KKK, + KK [H'] + K [H']? + K [H]?
[H*][HCO;] K,
k= [H,CO,] - K ‘ C . (17)\"
el ) |
K= [CQi,aq] = 10 S ‘ (18)
H*][HCO, . :
K, = [—r]éé—-]i]— = 10°% ) | (19).
- 2aq . .
‘ H*][CO, ' | ,
K- e - 10 o
, 31 . ' ‘ .

Similarly, a knowledge of the pH and alkalinity of the.experimental and

control treatments allowed C; to be estimated for all samples using
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equations 14-20. The measured radioactivity of “C-labeled cells from
the experimental treatments was relativizgd to. that - from the circum-

neutral controls using the following equatioh:

(Cp,; vi/ (Crpmr Vour + Cp5 V1))

Corrected DPM = DPM (G s i/ (Co s Vs * Cpy WD) (21)
where DPM = measured activity (disintegrations per min) of “C-labeled'
seston
Cy; = inorganic carbon concentration (M) of “C-NaHCO, inoculant
Crpnr = inorgénic carbon concentratioﬁ (pM). of circumneutral
controls |
Crpus = 1inorganic carbon concentfation (pMj of .acidified
treatments
v = added inoculant volume (ml)
Vay = control saﬁple‘volume:(ml)
Vs = experimental sample volume (ml).

Effects of pH Reduction on End
Products of Photosynthesis

This experiment examined phytoplankton incorporation of €0, into
major metabolic end products of photosynthesis (EPPS), including protein,
polysacchéride, lipid, and low molecular weight metébolites (LMWM) .
Treatments (6 replications eachj 60-ml samples in 75-ml serum bottles)
included unamended controls and samples acidified 2.0‘i~0.1 pH units with

0.02 H HCl. Using a tuberculin syringe, 0.1 ml of MC-NaHCO, solution

(approximately 1 pCi) was injected into each sample through an éir-tight

rubber septum. The samples were mixed by repeated inversion, then

Loy




50
incﬁbated at 300 puE m? s* and 10°C (the prevailing lake témp’erature) for
29 hr. Incubations were terminated by filtration (GF/C), and filters
containing‘the radioactive seston were transferred to glass scintillation
vials containing 1.2 ml deionized water, 1.5 ml chloroform and 3.0 ml
methanol. The contents of each vial were vortexed 60 s, incubated at 4°C
for 10 min, and filtered through another GF/C filter; the latter filter

'was rinsed under vacuum with 1.5 ml chloroform. All filtrate was

collected in a glass centrifuge tube, in preparation for lipid and IMWM

fractionation. Particulate matter retained on the filte‘;: contained
protein and polysaccharide fractions. Procedures used for further

fractionation of metabolites are described below.

Protein. Filters containing pfotein and polysaccharide. ‘f'ractions‘
were placed in glass ‘scint‘:illation vials, re'_susperidéd in 4 ml ice-cold
5% trichloroacetic acid (TCA) and heated at 95°C for 30 min. The
contents of each vial were filtered thro;lgh' a GF/C filter, which was
rinsed under vacuum with 10 ml TCA solution and transfel:réd to another
scintillation vial. Tissue solubilizer (9-‘parts 0.5 M Protosol, New
England Nuclear:1l part deionized H0 : 0.5 ml total) was added to ‘the vial
to enhance suspension and dissolution of carbonaceous materials. The
. contents of each vial were incubatéd for 2 hr at 20°C, dried .overnigh-t

at 50°C, resuspended in 0.5 ml deionized water, and augmerited with

0.15 ml1 glacial acetic acid (to reduce pH and chemiluminescence) and

10 ml Scinterverse E scintillation cocktail. The activity of the protein
isolate was determined by liquid scintillation spectrometry; measurements

were converted from cpm to dpm via the sample channels ratio method,
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‘using acetone as ‘the quenching agent and “C-toluene as the radioactivity

standard (ef., Priscu and Priscu 1984b).

- Polysaccharide. Filtrate derived from the protein isolation

procedure was collected in a glass centrifuge tube and vortexed 60 s.

.Two ml were transferred to a glass scintillation vial, evaporated at

50°C, resuspended in 0.5 ml deionized .water, and augménted with 10 ml

Scinterverse E scintillation cocktail. The activity of this poly-

saccharide isolate was determined by liquid secintillation spectrometry'

(see Protein, above).

methanol-based fractionation procedure was collected in a.glass centri-

fuge‘tube, augmented with 1.5 ml deionized water, vortexed 60 s, and

centrifuged at 800-1,000 g for 10 min, resulting in a biphasic solution

containing an upﬁer methanol-soluble fraction and a lower'chléroforﬁ;
solubie. fraction. One ml was femoved from the chloroform phaée,
transferred to a glass scintillation vial and evaporated to dryness at
50°C. Ten ml of Scinterverse E scintillation cocktail were added to the

vial prior to determination of MC activity (see Protein, above).

Low Molecular Weight Metabolites. A 3-ml aliqupftwas removed from

the methanol phase, transferred to a‘glass scintillation viai;-augmented

with 0.2 ml of 3 N HCl (to drive off residual “C-labeled‘dissoived.

inorganic carbon), dried overnight at 50°C, and resuspended in 0.5 ml

deionized water. Ten ml of Scinterverse E scintillation cocktail were

Lipid. The filtrate derived from the initial chloroform- and

J
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added to the vial, and the “C activity of the IMWM isolate was determined
via scintillation spectrometry (see Protein, above).

Effects of pH Reduction on Nitrogen
Incorporation into Prot‘einv

These laboratory experiments examined the incorporation-of NH,*-N and
NO,-N into phytoplankton protein and were conducted concurrently with the
EPPS experiment. Treatments (4 replications each; 200-ml samples in 250-
ml LPE bottles) included lake water controls and samples a‘_cidif:.'Led. 2.0
+ 0.1 pH units with 0.02 N HCl. After a 5 min equilibration period,
samples were inoculated with “NH,* or “NO,; (99 atom-%) ‘fOr a final
coﬁcentratioﬂ-of 6.7 pMs-at'ided NH,* or NO;. . Incubatic;ns were conducted at
300 pE m? s? and 10°C (the prevailing lake temperature) and terminafed
after 29 hr by filtration (muffled GF/C). Each filter was transferréd
to a glass scintillation wvial containiné 10 ml ice-cold 5% TCA to
precipitate p.rOtein. The contents of the vial Qere vortexed (60 s) and
filtered (muffled GF/C). The filters were rinsed under vacuum (approxi-
mately 10 cm Hg) with two 10-ml aliquots of ice-cold 5% TCA (to rinse .
away non-proteinacéous compounds) and dried 6vernight at 50°C. Following
Dumas combustion, the N enrichment of the protein isolate was determined
by optical emission spectrometry (see Nitrogen Uptake and Isotope

Dilution Experiments, this chapter).

Effects of pH Reduction on Bacterial |
Secondary Production

The influencé of [H*] on bacterioplankton secondary production was
examined using the *H-methyl thymidine incorporation technique of Fuhrman

and Azam (1982), as modified by Murray et al. (1986).' Treatménts
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(7 replicates each; 10 ml sample; in glass scintillation vials)vincluded

lake water cohtrols, formaiin,(S%‘v:v) kills, and samples acidified 2.0 -

1 0.1 pH units with 0.02 N HC1. Each sample was inoculated with 14.6 uCi
of tritiated thymidine (20 nM final concéntration) ana incubated in
darkness at 10°C (the prevailing 1ake“ temperature) for 1.0 hr
- (7 September) or Q.7 hr (28 September). ‘InCubatipanas termiﬁated by the
addition of 10 ml ice-cold 10% TCA. ‘The coﬁtgnts of each vial were
filtered (bu2 pm Nucleopore) and the filter rinsed under vacuum (10 cm
Hg) with fﬁo 15-m1 aliquots of ice-cold 5%‘TCA.‘ The filtefs were
transferred to a‘glass scintillation vial to which 10 ml Scinterverse E
scintillation cocktail was a@ded, Theaﬂ,activity of the proteiﬁ/nuqleo-
tide isolate was assayed by 1;quid scintillation spectrometry. -Measure-
ments were cofrécted for quench via the sample channels ratio method,

using acetone as the quenching agent (cf.,‘Mﬁtray et al. 1986).
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CHAPTER 4
RESULTS

Water-Column Physicochemical Properties

Snowbank Lake physicbchemiqal data from 1985-87 are summarized in

~Table 6. Variations observed during this period in Secchi depéh and in -

-

water-column profiles for temperature, dissolved 0,, dissolved inorganic

nutrients, PC, PN and chlorophyll a are depicted in figures 5-7.
Secchi depth ranged from 4.5 to 7.0 n during the‘study (Figure 5).
No significant temporal correlation was obserﬁed:between Secchi depth and

whole-lake (i.e., depth-integrated, volume-weighted) mean concentrations

of chlorophyll a, PC or PN, suggesting that nonbiogenic factors (e.g., ’

inorganic suépensoids) played a predominant role in light atfenuation.
Secchi depth gradually increasedAduring the 1987‘ice-free season but

exhibited no distinct trend in 1986.

Water temperature in Snowbank Lake typically decreased with depth .

in a gradual manner. However, the water coiumn‘aﬁproached an isothermal
condition in laté summer 1986, following a period of weak ghermal
stratificatidn‘(Figure 5). | Whole-1lake meén temperatﬁrés ranged from
5.0°C on 20 September 1986 to 8.9°C on 1 September 1987. Water tempera-
ture at the experimental depth (2‘ﬁ) was consistently within 0.5°C of the

whole-lake mean temperature.




Summary of physicochemical properties of Smowbank Lake water columm, 1985-87. The first

Chlorophyll a (ug 1%)

1.0/1.7

2.0/2.0

Table 6.
value of each datum pair pertains to the experimental depth; the second value refers to the
water-column depth-integrated, volume-weighted mean, Single values pertain to the
experimental depth, unless stated otherwise. :
‘Sampling date
Parameter 8/24/85 7/26/86 8/24/86 - 9/20/86 6/26/87 7/18/87 9/1/87 9725/37
Secchi depth (m) ) 4.5 - 6.5 5.3 6.0 4.5 5.9 6.2 7.0
Temperature (°C) 9.0/8.8 v8.0/7.5 -8.5/8.5 5.0/5.0 . 8.2/7.8 6.4/6.3 9.2/8.9 7.9/7.5
Specific conductance . ’ 7 -

(emhos cm) ~10.1 9.6 10.2 12.2 9.4 9.8 12.7 16.8
Dissolved 0, (uM) 250/253 256/260 381/384 263/263 306/307 -- 263/263 ’ 312/305
Whole-lake O, )

saturation (%) . 101 © 91 153 97 109 -- 112 120
pH - 7.00 6.94 7.21 7.12 6.79 -- 7.38 7.38
Total alkalinity 7 7

" (neq 1! as CaCOQ 106 91 110 110 94 -- 124 142
NH," (pM) ' 0.42/0.42 . 0.07/0.Q7 0.09/0.12 0.09/0.12 0.16/0.09 0.16/0.19 0.08/0.14 0.11/0.15
SNOy (uM) -- 0.27/0.27  0.21/0.29 0.31/0.28 .0.16/0.17 . 0.36/0.37 0.78/0.61 0.3470.28
SRP (uM) - 0.11/0.12 0.14/0.14 0.08/0.08 0.03/0.04 0.12/0.13 0.12/0.13 0.10/0.09
NH,* + NO,:SRP ratio -- 3.09/2.83  2.14/2.93 5.00/5.00 10.67/6.50 4.33/4.31 7.17/5.77 4.50/4.78
Particulate nitrogen (pi) -- 2.91/3.01 3.62/3.38 3.77/5.41 1.63/2.50 ‘ 1.06/1.42 12.37/6.49 2.94/1.75
Particulaté carbon (pM) -- 029.3/33.7 36.5/35.8 35.7/32.5 17.4/23.8 15.3/21.0 116.1/66.2 46.2/36.6

Particulate carbon; ' o . - .

nitrogen ratio -- 10.1/11.2 10.1/10.6 9.5/6.0 10.7/9.5 14.4/14.8  9.4/10.2 15.7/20.9
2.3/3.8 2.3/2.7 1.6/2.5 0.9/1.9 7.4/5.5 5.9/4.5
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Temperature (0C) or Dissolved Oxygen (nM x 10° )
Temp: < ! 8 10 4 6I ‘ 8 _19 12
0.2

24 August 1985 20 September 1986

Figure 5. Vertical profiles of temperature (=) and dissolved 02 (0), and Secchi depth (X) , 1985-87 ice-
free seasons. An equipment malfunction precluded the collection of 02data on 18 July 1987.



Nutrient Concentration (nM)

Depth (m)

04 06 08

Figure 6. Depth profiles of NH4+ (e),

NO/ (m) and SRP (0) concentrations, 1985-87 ice-free seasons.
Nitrate and SRP samples from 25 August 1985 were inadvertently destroyed during processing.



Concentration (pg chlorophyll a 1'], else pM)

PN or
PC (x 10"1):

Figure 7. Depth profiles of chlorophyll a (o), particulate nitrogen (=) and particulate carbon (=)
concentrations, 1985-87 ice-free seasons. Note differences in scale between parameters.
Samples for particulate carbon and nitrogen were not collected on 25 August 1985.
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Concentrations of dissolved 0, generally exhibited little change with

depth. However, slight decreases (31-47 uM) in O, concentration below 6 m

were documented on 1 and 25 September 1987 (Figure 5). These dates
coincided with those of maximum observed ¢hlorophyll a concentration and

phytoplankton biomass in overlying (0-6 m) Waéers (discussed below),

suggesting that atypically high rates of photosynthesi§ in shallower -

waters (and, perhaps, correspondingly high rates of decomposition in

deeper waters) were responsible for the observed clinograde profiles.

During the 3 years of study, measured whole-lake ¢oncentrations of

dissolved 0, ranged from 91 to 153% of saturation (mean = 112%; values

relativized to whole-lake mean temperature and lake elevation; see.

Mortimer 1981).

Extremes in lake water pH recorded during the study were pH 6.79 on.

28 June 1987 and pH 7.38 on both 1 and 25 September 1987. Despite the

circumneutral nature of the lake, total alkalinity was low, ranging from

91 to‘142 peq liter? as CaCO,. In 1987, pH and alkalinity gradually

increased during the open-water season. Specific conductance also
increased‘during‘this peri&d, indicative of a net gain in the electro-
lytic content of the water column. The low conductance and alkalinity
values recorded for Snowbank Lake confirmed that it was a dilute system
of low chemical buffering capacity and, therefore, ﬁotentially sensitive

to acidic inputs (Table 7.

Whole-lake concentrations of NH,*, NO, and SRP averaged approximately .

0.1, 0.3 and 0.1 uM, respectively, during the 1986-87 ice-free seasons.

Concentrations of NH,” typicall decreased below a deﬁth of 8 m;
4 yP y

conversely, NO; concentrations tended to increase below this depth,
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Table 7. CGategories of lake sensitivity to acidic inputs (adapted from
JHarvey ‘et al. 1981).

Lake water property

Total alkalinity Conductance

Lake category ‘ . (peq 1* as CaCO;) (pmhos‘Cmd, 25°C)
Highly sensitive 0-200 0-35
Moderately sensitive 200-400 ' - 22-78
Least sensitive >400 . >60
Snowbank Lake (range): 91-142 9.4-16.8

suggestive of appreciable rates of nitrification in sediments and
overlying waters. Verticallchanges in SRP concentration generally were
less pronounced than those noted for NH,” or NO; coricentration (Figure 6).
Nutrienf levels in infiowing stream water were substanfially less than
those in snow' field runoff (Figure 8). Nutrient levels in outflowing
stream waters were nearly identical to those within the lake watexr column
(2-m depth; see Table 6).

Debth profiles for PN, PC and chlorophyll a paralleled one another

on each sampling date (Figure 7). On a temporal (sampling date-to-

sampling date), whole-lake basis, ho&ever, correlation between PN and
chlorophyll a was poor relative to that between PC and PN or between PC
and chlorophyll a (Table 8). During the 1986-87 open-water seasons,
whole-iake‘PC:PN atomic ratios ranged from 6.0 to 20.9 (mean * SE = 11.9
+ 1.8), compared to a fatio of approximatély 6.6 norgall& associated with

balanced algal growth (Redfield 1934, 1958; Redfield et ai. 1963; see

L N\ 7
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NO3
O NH4&
SRP
Snow Field Inflowing Water Outflowing
Runoff Stream Column Stream

Comparison of dissolved inorganic nutrient concentrations in

snow TFTield runoff, lake water column, and inflowing and
outflowing streams, 1 September 1987. Water-column values
represent depth-integrated, volume-weighted mean

concentrations. Note logarithmic scale of vertical axis.



Table 8. Temporal, regression-based comparisons of particulate nitrogen, particulate carbon and

chlorophyll a concentrations within the Snowbank Lake water column, 1986-87.

X variable

y variable

Intercept

(as pg 1%) (as pg 17 ©  Slope  (as pg L'/p0)
Experiméﬁtél depth: Particulate Particulate .98 .96 7.60 78.07/6.51 -
Chlorophyll . Particulate .78 .61 16.22 7.70/0.55
Chlorophyll Particulate .88 77 140.58  84.54/7.05
Whole-lake average: - Particulate Particulate .76 ' .58 5.13 181.85/15.15
Chlorophyll Particulate .39 15 6.78  27.06/1.93
.Chlorophyll Particulate .82 .66 99.40  132.53/11.04.

¢9
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also EVJ".dence‘f‘or Nitrogen Limitation of Water-Column Primary Production,
Chapter 5). Chlorophyll a concentration appeared to peak in late August

' or early September during the years studied; greatest concentrations were

— )

documented in September 1987, owing largely to the developmentvo‘_f a.dense .

population of the dinoflagellate, Peridinium cinctum (Muell.) Ehrenberg

(see Plankton Biomass and Community Composition, this chapter). Data on

chiorophyll a, dissolved ihorganic nit_:fo_geh, and total alkalinity have .

been reexpressed in Table 9 to provide a comparative assessment of

Snowbank Lake’s trophic status.

Plankton Biomass and Community Composition

A complete listing of plankton taxa collected from Sniowbank Lake is

provided in the appendix (tables 29 and 30). In all, 104 Species of

phytoplankton were identified by light microscopy. Metazoan zooplankton

included 6 species of rotifers and 4 -sbeéies of arthropods; "pccas“ionally,

free-living nematodes were collected from the lake’s op‘eﬁ waters.

Ciliated protozoans were noted only rarely in lake water samples;

unfortunately, preservation techniques wused in the study were not

amenable to ciliate identification.

As shown in Figure 9, chlorophycean aﬁd bacillariophycean, algae were
_represented_by‘ the greatest ﬁumbers Jof pﬁytoplankton-speci-esL . Desmids
were especially diverse# | for example, 7 species“.lof Staura__.%trum were
collected in 1987 alone (appendix, Té,ble 30). From the standpoint of
algal biomass (as approximated by biovql@e) ,- chlorophycean and dinqphy-’

cean algae were clearly most important. A distinct seasonality was noted

in the biomass of both classes: chlorophyceans tended to comprise a large




Table 9. Trophic status of Snowbank Lake as indicated by chlorophyll a and dissolved inorganic
nitrogen concentrations and by seasonal change in total alkalinity (based on Vollenweider
1968; 1979).

Lake productivity

Productivity index

Change in alkalinity
in epilimnion over

Inorganic N

Mean chlorophyll Peak chlorophyll

“designation summer (meq 17) (eg 1Y (pg 1Y) (pg 11

V‘Ultra-oligﬁtrophic <0.2 - <200 -- --
Oligotrophic -- -- 0.3-4.5 1.3-10.6
Oligo-mesotrophic 0.6 200-400 .- .-
Mesotrophic - 3-11 4.9-49.5
Mesoeutrophic 0.6-1.0 300-650 -- --
Eutrophic -- 500-1, 500 3-78 . 9.5-275
Hypereutrophic >1.0 1,500 100-150 - o

‘Snowbank Lake:

0.019 (2 m; 1986)
0.048 (2 m; 1987)

6.3 (whole-lake
mean; 1986-87)

75.5 (whole-1lake
mean; 9/1/87)

3.1 (whole lake
mean; 1985-87)

79
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Dinophyceae

Myxophyceae

Xanthophyceae

Chrysophyceae

Bacillariophyceae

Chlorophyceae

Species Collected

Figure 9. Phytoplankton community composition relativized to numbers of
species collected during the period 1985-87. A complete
listing of phytoplankton taxa collected from Snowbank Lake is
provided in the appendix (Table 30).
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fraction of community biovolume early in the open-water season, gradually |

diminishing in importance as the dinoflagellate, P. cinctum, assumed
prominence (Figure 10). By mid to.laté September in-both 1986 and 1987,
P. cinctum comprised more than 80% of the total alg#l biovolume. The
following additional species at tiﬁes made impdrtant,contributions to
algal community biomass (i.e., present at biovolumes = 10 um® ml?): the
chlorophyceans Volvox tertius Méyer, Schroederia Setigera Lemmermann,
Sphaerocystis schroeteri Chodat, Botryococcus sp.,.Cosmarium‘tinctum'var.
subretusum Messik and Staurastrum paradoxum.var. cingulum West ef West;
the chrysophycgans Mallomonas spp., Synura’uvella.Ehrenberg, Dinoﬁryon
_sertularia Erhenberg -and Chromulina pascheri Hofeneeder; the diatoms
Tabellaria fenestrata (Lyngb.) Kuetzing, Asterionella formosa_Hassall,
Fragilaria construens (Ehr.) Grunow, F. sp., Navicula_spp., Epithemia sp.
and Hantzschia virgata (Roper) Grunowj the xanthophyceans Botrydiopsis
arhiza Borzi and Tribonema bombycinum (Ag.) Derbes et Solier; and the
blue-green algaé Cﬁroococcus dispersus (Keissl.)‘Lemmermann.and.RivuIaria
Sp.

Crustacean zooplankton were represenged by the calanoid copepod,
Diaptomus (Héspe?odiaptomus) shoshone Forbes, and by the cladocerans,

Daphnia pulex Leydig, D. rosea Sars and D. schodleri Sars. D. shoshone

was the most abundant macrozooplankter; densities (including nauplii, .

copepodids and adultg) ranged from 10 to 25 individuals liter! at the
experimental depth during daylight hours. Daphnid densities were
. variable but never exéeeded 16 individuals liter? (2-m depth; daylight).
- D. schodleri was the most abundant daphnid, followed by D. rosea and

D. pulex. Planktonic rotifers were represented by the genera Filinia,




26 August 1985 3 August 1986 25 August 1986 21 September 1986

26 June 1987 18 July 1987 2 September 1987 25 September 1987
m Chlorophyceae 0 Xanthophyceae
0 Chrysophyceae D Dinophyceae

E Bacillariophyceae S Myxophyceae

Figure 10. Phytoplankton community composition and total biomass relativized to biovolume, 1985-87.
Total (relative) biovolume is indicated by diameter of subfigures.
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’ Pélyarthra, Brachionus, Kellicottia, Keratella and Notholca. Rotifer

densities (2-m depth; daylight) were typical of clear,‘ mountain lakes, -

ranging from 5 to 22 individuals liter® (cf., Pennak 1978).

vIn’fluence‘ of Nutrient and Meltwater Additions on Algal Photosynthesis

Influeﬁce of Nitrogen and Phosphorus Additions

Phytoplankton uptake of CO, was increased significantly (p < 0.05,
ANOVA/LSD) by addit';ions of NH* or NH,* + PO> but not by the addition of
PO} alone (figures 11 and 12). The exclusion of Volvox tertius (wl:lich
represented >97% of the algal biomass removed via size ‘fractionation),
from NH,"- and NH,* + POf’-er'lriched treatments dampened this stimulatory
effect. On 26‘ June 1987, uptake of ¥CO, by V. tertius appeared dispropor-
tionately large in relation to the population’s biomass (Table 10). This
disprqportionality was even greater in the 2 Septémber 1987 NH,* + PO}
treatment (see Figure 12), When V. tertius accounted for 55% of the
increase in “COZ‘ uptake while comprising only 7% of tﬁe phytoplanktén
biovolume. In samples containing V. tertius, simultaneous additions of
NH,* and PO} sti‘xﬁulated greater increases in ™CO, uptake than did
additions of NH,* alone (p < 0.05; see Figure 12).

No enhancement of “CO, uptake was obéerved over a 24-hr period in
samples augmented with forms of nitrogen other ;hvén NH,* (Figure 13).
Additions of NH,* increased 'CO, uptake by approximately 20%‘(p < 0705)' ,
whereas uptake was reduced 14% in urea treatments (p < 0.05) and was

Statisticélly unchanged in NO, treatments (p > 0.,05).




Table 10. Enhancement of algal “CO, uptake via NH," addition

in samples with and without Volvox tertius.

Percent community V. tertius

56 .

Increase -in C0, uptake (%) .
: — : uptake due to ‘ as percent
(b) V. tertius V. tertius community
Sampling date (a) all plankton excluded (100[a-b]/a? ' biomass
24 August 1986 65 20 69 ' 62
26 June 1987 193 143 26 11
"2 September 1987 53

5 : 7

69
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24 August 1986

100' *

)
'e) 80 0 AIll plankton size fractions present
x " 0 Plankton > 80 |im excluded
=
D_ *
e 60-
)
X
S 40"
[=%
D
N
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0 -

26 June 1987

S 30-
o
—
P
&
a 20.
[0)
X
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o
- 10.
N
@]
O]
<
—

0 --

Control +0.3 PO4* - +5.0 NH4+

Figure 11. Influence of NH4 or PO4&- enrichment on phytoplankton uptake

of 02, 24 August 1986 and 26 June 1987. Values shown
represent treatment means and associated standard errors.
Asterisks designate treatment means differing significantly
(p < 0.05) from controls.
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30| All Plankton size fractions present

0 Plankton > 80 gm excluded

Influence of NH4 and/or PO&' enrichment on phytoplankton
uptake of M02, 2 September 1987. Values shown represent
treatment means and associated standard errors. Asterisks
designate treatment means differing significantly (p < 0.05)

from controls.

Figure 12.
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+5.0 nM NOg +2.5 LiM Urea

Comparison of effects of NH4+, NO3" and urea enrichments on
phytoplankton uptake of X022, 2 September 1987. Values shown
represent treatment means and associated standard errors.
Asterisks designate treatment means differing significantly

(p < 0.05) from controls.
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Influence of Meltwater Additions’

‘Dilution of lake water with meltwater from ‘snow fields or from
freshly fallen snow significantly increased algal c,e‘llu].‘ar incorporation

of G0, (p < 0.05, ANOVA/LSD; see Figure 14). However, this effect was

dampened as the dilution water:lake water ratio increased frpni 1:3 to

3:1, suggestive of osmoregulatory constraints on phytoplanktor‘; metabolic

activity.  Concentrations of NH*, NO, and SRP were much . greater. in

dilution watefs than in lake water (Table 4; ‘Figure 8), presumably

accounting for the stimulatory effect of meltwater on algal photosyn-

thesis (see Evidence for Nitrogen Limitation of Water-Columm Primary

Production; Chapter 5).
Planktonic Uptake and Regeneration of‘,N]’._troger‘l

Substrate Kinetics of NH,' and NO; Uptake

Serial additions of NH;* to lake water samples stimulated an
asymptotic increase in- NH,* uptake on 7 of 8 | sampling occasions

(Figure 15). Additions of NO; generally resulted in- minimal increases in

NO; uptake, indicating that ambient concentrations of this substrate were - -

near saturation relative to the uptake .capabiiities ‘of the phytoplankton

- community. Because even the lowest NO, enrichments in the kinetics

experiments appeared to exceed K, estimates of this parameter were of

"questiovr‘lable ‘accuracy (see Table 11). Conventionally interpreted,

however, the estimates suggested that algal affini‘ty for NO; sometimes

matched or even exceeded that for NH,*, .a"'pOSsibi..vlity which will receive

critical evaluation in Chapter 5. Based on assumed Michaelis-Menten

uptake kinetics (Chapter 3) and on calculated values of ' K, and P,




Figure 14.
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Lake Water : Dilution Water Ratio

Influence of snowmelt and precipitation additions on
phytoplankton uptake of X402, 2 September 1987. This
experiment included lake water controls, a lake water:snow
field runoff dilution series, and a lake water:snowmelt
treatment (far right column). DPM values (treatment means
and associated standard errors) have been corrected for
differences in phytoplankton density and K02 specific
activity between treatments. A comparison of the chemical
characteristics of lake water, runoff water and snow used iIn
this experiment is provided in Table 4.



Ammonium or Nitrate Uptake (pM hr1x 102

Figure 15.
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26 August 1985 26 June 1987

3 August 1986 18 July 1987

24 August 1986 2 September 1987

21 September 1986 25 September 1987

Ammonium or Nitrate Concentration (|iM)

Phytoplankton uptake of NH4TI (=) and NO3' (0) versus substrate
concentration. All NH/ uptake data are corrected for isotope
dilution. Regression lines are based on equation 5 (Chapter
3), Ffitted with Marquart®"s algorithm. Regression lines are
not depicted for 3 August 1986 NH4+ data or for 21 September
1986 NO3' data.
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NO;

Table 11. Substrate kinetic constants calculated for phytoplankton
uptake of NH* and NO,;, 1985-87. Values (* standard
deviations) for maximum uptake rate (P_,), maximum specific
uptake rate (V,,) and the half-saturation constant (KQ were'
calculated via Marquardt’s algorithm. All NH,* uptake data
were corrected for 1sotope dilution before calculatlon of P,
Vo and K.

Date P, I A o K

Parameter (pM hr?) (hr?) (uM)
8/26/85 : '
NH,* 0.4665 + 0.0787 - 0.0359 + 0.0061 3.3880 + 1.1832
NOy 0.1300 £ 0.0056 0.0100 + 0.0004 0.5945 + 0.1265
8/03/86 _ : I C
NH,* 0.0103 + 0.0004 0.0092 + 0.0004 ‘0.0544 * 0.0005
NO, 0.0123 = 0.0005 0.0110 £ 0.0004 0:2171 £+ 0.0632
8/24/86 E ‘ -
NH,* 0.0846 * 0.0041 . - . 0.0448 + 0.0022 .0.5037 %+ 0.0943
NO,” ©0.0288 + 0.0020 0.0152 + 0.0011 . 0.6357 £ 0.1789
9/21/86 . ‘ B =
NH,* -0.0426 * 0.0030 0.0087 + 0.0006 0.7756 * 0.1612
NO, 0.0138 £+ 0.0012 0.0028 £ 0.0002 0.1880 * 0.0469
6/26/87 ‘ - o S
NH* 0.0440 * 0.0036 ~  0.0308 * 0.0025 0.3605 + 0.1225
NO,” 0.0293 * 0.0025 0.0205 + 0.0017 0.0906 + 0.0831 - .
7/18/87 ‘ N
NH,* - 0.0059 £ 0.0002 0.0086 *+ 0.0003 0.1889 £ 0.0316
NO; 0.0044 £ 0.0008 0.0064 i~0;0012 0.2736 £ 0.2530

9/02/87 o - :

" NH?Y 0.0666 + 0.0021 0.0151 %= 0.0005 0.6714 *+ 0.0700
NO, 0.0211 £+ 0.0009 . 0.0048 = 0.0002 - 0.0988 + 0.0922
9/25/87 , E
NH,* 0.0587 £.0.0018 0.0200 * 0.0006 1.0560 + 0.0917
0.0208 *+ 1.14E8 0.0071 + 3.88E7 -  0.2521 + 6.08E9
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(Table 11), rates of NH,* uptake at ambient NH,* concentrations appeared
to range from 9.5% to 56.3% of P, (mean = 23.6% during course of study),
Wheréas rates of NO; uptake ranged from 25.3% to 88.6% of P_, (mean =
58.6%). Maximum uptake rates for NH,”* exceeded those for NO, by 2.4
times, on avérage (the ratio Pma::,NH4+:Pmax,NO3+ ranged from 0.84 on 3 August
1986 to 3.59 on 26 August 1985; see Table 11). At ambient nutrient
levels, estimated ratios of NO,;” uptake:NO, + NH,* uptake (i.e., f-ratios;

see Eppley 1981) averaged 0.6 or, alternatively, 0.7, depending on the

method used in their calculation (Table 12); the ratio Pmﬂ+/(Pm&+ +

Pm%+):[§ﬂy+]/([ﬁﬂy+] + [NO;]).(the Relative Preference Index; see McCarthy
et al. 1977) generally was near unity (mean * standard error = 0.98 %
0.11, excluding an unusually high value of 2.78 on 2 September 1987),
indicating tﬁat NH,* (NO,) utilization in Snowbank Lake was foughly

proportional to NH,* (NO,) availability.

Table 12. Temporal comparison of f-ratios calculated by two alternative
methods, 1986-87. Method 1 uses equation 5 (Chapter 3) and
numerically generated values for K, and P, (Table 11) to
correct for the effect of substrate enrichment on algal NO;
uptake. Method 2 assumes PN% equals P, on each sampling
occasion (Figure 11) and provides an upper estimate of the
f-ratio.

Basis of Sampling date
NO;" uptake : — 1986-87
calculation 8/03 8/24 9721 6/26 7/18 9/02 9/25 mean (¥ SE)

Method 1: 0.54 0.37 0.65 0.59 0.48 0.73 0.69 . 0.58%0.08
Method 2: 0.68 0.70 0.75 0.69 0.62 0.75 0.79 - 0.71+0.03
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Substrate Competition: NH,* versus NO;

Results from the substrate competition exp_erimentsv indicated that
NO; uptake was inhibited in a progressive manner by serial increases in
NH,* concentration (Figure 16). Overall, a 56% reduction in NO, uptake
was documented as NH,* concentration increased from' 0.1 to 7.3._pM
(p- < 0.05; t-test). Significant reductions .in NH,* uptake in response
to increasing NO, concentration were also documented but were less
pronounced (24% maximum decrease; P < 0‘.05). Nitrate vconcentrat‘ion‘s
above approximately 0.9 pM had little additional effeét on NH,* uptake

(p > 0.05; see Figure 17).

Eucaryotic versus Procaryotic Regeneration
and Uptake of NH,*

The results of the metabolic inhibitor experiments conducted on
2 September 1987 are depic_ted in Figure -18.  Ammonium uptake was reduced
45.7% in chloramphenicol treatments and 84.1% in cycloh_examide treatments
relative to controls (p < ‘0.0001, ANOVA/LSD), implying f:hat both
procaryotic and eucar};otic plankton contributed substantially to measured
rates of NH,* uptake in Snowbank Lake. Rates of NI'-L,+ "regeneration in
cyclohexamide treatments were only 0.2% of control rates (.p = 0.00'O“l,—‘
ANOVA/LSD), suggesting that eucaryotic plankton were almost exclusively
responsible for NH,* regéneration. Chloramphenicol treatments experienced

only an 11.2% reduction in régeneration activity (p > 0.05, ANOVA/LSD),

. again implicating eucaryotes as the prinéipél plankton‘ic agents of NH,*

regeneration. In the 26 June 1987 experiment, isotope dilution was
not detected in filtered (GF/C) controls or in filtered antibiotic

treatments, implying that NH* regeneratidn by planktonic organisms
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Q- @©
NH4 Concentration (gM)

Figure 16. Influence of NH4 concentration on phytoplankton uptake of
BI03". Data represent B\ enrichments (mean = |1 standard
error) of the seston 30 hr after the addition of B03
inoculant.

NO3 Concentration (jiM)
Figure 17. Influence of NO3' concentration on phytoplankton uptake of
Data represent B\ enrichments (mean = 1 standard

BIH4T'.
error) of the seston 30 hr after the addition of BH4+
inoculant.
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Control Chloramphenicol Cyclohexamide

Effects on chloramphenicol and cyclohexamide additions on the
regeneration and specific uptake of NH/ by Snowbank Lake
plankton. Values shown represent treatment means and
associated standard errors. Asterisks designate treatment
means differing significantly (p < 0.05) from controls.
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smaller than approximately 1 pm was quantitatively unimportant in

Snowbank Lake.

Time Course of'NHf Uptake and Regeneration

Figure 19 depists changes in size-fractionated NH,* regeneration and
uptake,-hﬁL* concentration and ®NH,* specific activity, and seston ”ﬁ
atom-% excess occurring over a 6.2-hr in situ incﬁbation (26 August
1985). Ammonium depletion, UNH,* dilution, and algal PN accumulation
proceeded more ' slowly in screened treatments than in mnonscreened
treatments; ‘NHj' uptake rates exhibitea. no ’clear ‘trends over time,
regardless of size ‘class (i.e., slope of regression lines not signif-
icantly different from zero at a« = 0.05). On average, uptake rates in
screened treatments were only 21% of those in nonscreened treatments.
This reduction was disproportionate to the algal biomass removed via
screening (approximately 58%), suggesting that biomass-specific NH,"
uptake was greater for V. tertius than for smaller (<é3 pm) phytoplank-
ton. Regeneration rates in nonscreened samples remained nearly constant
for the first 5 hr, then declined by roughly 90% between 5.0 and 6.2 hr.
Regeneration rates in screened samples generally increased during the
incubation and surpassed fates in nonscreened samples after approximately
4.7 hr. Calculated over the entire 6.2-hr incubation (i.e., based on
initial and final wvalues of S, R, p and PN; see equations 8-12,
Chapter 3), volumetric regeﬁeration rate:uptake rate ratios were 0.25 for
the "intact" plankton assemblage and 1.46 for the isolated (<63 um) size

fraction.
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NH4* Concentration (p\)

A5V H 4 7 [NH49 x100

140-t

Regeneration (nMhrI Seston 1IN Excess (atom %)

Uptake (nM hr1)

Time (hr)
Figure 19. Size-fractionated time course of NH4* regeneration, uptake,
aqueous concentration and B\ specific activity and particu-
late B atom-% excess, 26 August 1985 Tield experiment.

Fractions include all plankton (=) and plankton smaller than
63 pm (0).
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The results of the field time-course éxperiments.conducted in 1987
are presented in Figure 20 and in tables 13-16. Particulate nitrogen

concentration and seston “N atom-% excess increased during incubations,

NH,* uptake gradually decreased. Time course pétterns 6fiﬁL+ regeneration
were Variable~among-experiments, exhibiting rapid, nonlinear,deéréaées
on 26 June and 2 September and a gradual increase on 25 September. .6n
18 July, NH,* regeneration was not detected overvthe course of a 5.2-hr
incubatic‘m;,-moreover,‘I\TH4+ uptake”ratés were the lowest. recorded during

the study, averaging only 0.0066 uM hrt. . (These low rates presumably

reflected unusually low levels of plankton metabolic .activity and

biomass, as they coincided with fhé second coldest water temperature,
the lowest algal biovolume, and the lowest concentrations of PN, PC and
chlorophyll a recorded during the gtudyﬁ see.Table 6 and figures 5, 7 énd
10). Correction for isotope dilution increaséd;measqred.Nijuptéke rates
by as‘mucﬁ as 18% in these experiments (tables 13-16). Loss of “NH,* from
the aqueous fraction-ﬁas 2.9-4.5 times gfeater than accounted for by N
uptake into the particulate fraction, a discrepancy similar in magnitude
to those reported in previous “N-based éfudies of algal nitrogen uptake
(e.g., Glibert et al. 1982; see also Limitations of Nutrieﬁt Uptake
Models, Chapter 5, this report). When calculated over entire incubation
periods (i.e., when based only on initial and final vglués”bf S, R, p_aﬁd
PN), regenerative and assimilative fluxes qf‘NHf closely paralleled each
other during the 1987 ice-free segsqn (Pearson r = 0.97; p. = 0.03; see

Figure 21).

whereas NH,* concentration, “N atom-% enrichment of NH,", and volumetric
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S @

8 12 18 18 2 e 12 u 18 21

R (atom%)

00

rfoiMhri x10)

Time (hr)

Figure 20. Time course of NH/ regeneration (r) , uptake (Po, aqueous concentration (S) and Bl specific
activity (R), and particulate nitrogen concentration (PN) and BI atom-% excess (p), 1987
field experiments. Data (treatment means * | standard error) denoted by darkened circles
(=) pertain to left axes; data denoted by open circles (0) pertain to right axes.
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Table 13.

Time course of NH,* regeneration (r), isotope dilution-corrected NH,* uptake (P.), aqueous
NH,* concentration (S), aqueous PNH,* specific activity (R), particulate nitrogen
concentration (PN), particulate N atom-% excess (p), and the ratios r:P,, P.:P (where P is
NH,* uptake uncorrected for isotope dilution) and u:P, (where u is NH,* uptake based only on
changes in § and R), 26 June 1987. Ammonium fluxes are in units of uM hr', concentrations
in pM, YN enrichments in atom-%, time (t) in hr, and error terms in * standard error.

S PN R o r P, r:P,  P:P  wP

[

6

12.

0 4.15%0.08 2.91+0.38 16.1240.00 0;32i0,037

.57 |
14 4.0720.06° 2.86+0.28 15.04%0.00 1.01%0.06
.65
.16
.37

.58

16

3.81+0.03 3.3240.27 14.25+0.29 1.50+0.07

0.25004+0.0115 - 0.112340.0153 2.23 1.04 2.85
0.2086i0,1113 0.1013+0.0365 2.06 1.03 4,58

0.0996+0.0274  0.0791+0.0130 1.26 1.06 2.17

3.490.12 3.4430.37 12.63%0.32 2.89+0.11

0.0359+0.0133  0.029240.0048  1.23 1.07 3.62

17.74 2.7140.02 4.05+0.19 11.09+0.35 3.9240.06

o P - | . 0.071240.0079  0.051940.0037 1.37 1.18 2.94

S8

- 'R

T




Table 14.

Time course of NH," regeneration (r), isotope dilution-corrected NH,* uptake (P,), aqueous
NH,* concentration (S), aqueous UNH,* specific activity (R), particulate nitrogen
concentration (PN), particulate "N atom-% excess (p), and the ratios r:P,, P_:P (where P is
NH,* uptake uncorrected for isotope dilution) and u:P, (where u is NH,* uptake based only on
changes in S and R), 18 July 1987. Ammonium fluxes are in units of uM hr?', concentrations
in pM, PN enrichments in atom-%, time (t) in hr, and error terms in * standard error.

5 . PN R p ‘ r P, : r:P, P:P u:P

[+

0 3.45+0.08 1.3710.26 16.62+0.13 0.22+0.01

0.27

1.25

not detected 0.0092+0.0051 ° -- 1.00 | .-

0.48 3.4040.10 0.8130.11 16.78+0.14 0.28%0.03 R
| not detected  0.005840.0019  --  1.00  --

1.74 3.2440.31 0.54£0.08 16.33%0.23 0.46%0.03
not detected  0.0034%0.0014 -~ 1.00  --

3.47

5.20 3.4940.14 0.62#0.21 16.5240.10 0.79+0.04

Overall (ty-tsy): ‘ - not detected  0.0066+0.0012 -~ 1.00  --

98

071,
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Table 15,

'NH,* concentration (8),

regeneration (r), isotope dilution-corrected NH,* uptake (P,), aqueous
aqueous PNH,* specific activity (R), particulate nitrogen
concentration (PN), particulate N atom-% excess (p), and the ratios r: 'P,, P.:P (where P is
NH,* uptake uncorrected for isotope dilution) and u:P, (where u is NH,* uptake based only on
changes in S and R), 2 September 1987. Ammonium. fluxes are in units of uM hr?,

concentrations in pM, time (t) in hr,

Time course of NH,*

standarxd error.

5N enrichments in atom-%,

and error terms in i

R

r:P

S PN P r P, . P.:P u:P,

0 3.68+0.03 4.0440.24 15.51+0.20 0.23%0.07
0.29 | 0.461740.1295  0.043740.0279 10.57 1.04 28.71
0.58 3.2240.03 2.26+0.31 14.3540.25 0.35%0.03
1.33 | 0.0618+0.0742  0.0423+0.0098 1.46 1.01 2.89
2.07-3.13£0.03 2.71#0.35 13.94%0.42. 0.71#0.03 | " |
4.24 ) 0.0339£0.0275  0.0304%0.0052 1.12° 1.02 2.63
6.40 2.930.09 73.576i0'.31 13.2840.33 1.2840.02 - | ‘ | |
14.41 o_'.'019310.0113 0.0189+0.0033  1.02 1.06 2.14
'2'2'.'427 2.,)59#0.0.3 4.9940,58_ ‘11.87i0'.52"2.17i0.06 | |
Overall (t,-tye): | 0.0370£0.0067  0.0286+0.0025 1.29 1.13 2.99
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Table 16.

Time course of NH,* regenefation (r), isotope dilution-corrected NH,* uptake (P,), aqueous
NH,* concentration (S), aqueous UNH,* specific activity (R), particulate nitrogen
concentration (PN), particulate PN atom-% excess (p),; and the ratios r:P,, P,:P (where P is
NH,* uptake uncorrected for isotope dilution) and u:P, (where u is NH," uptake based only on
changes in S and R), 25 September 1987. Ammonium fluxes are in units of uM - hr!,
concentrations in pM, "N enrichments in atom-%, time (t) in hr, and error terms in +
standard error. .

S : PN R P r P, r:P, P.:P wu:P

0 3.5920.10 1.14#0.19 14.21%0.20 0.19:0.02

1.52

0.0097+0.0252 0.024510.0043 0.40 1.00 3.49

3.04 3.36+0.16 1.1940.02 14.09+0.24 1.09+0.06

8.47

£ 0.0221+0.0135  0.015240.0036  1.45 1.04 5,58

13.89 2.68+0.12 2.05+0.36 13.01+0.42 2.4710.09

17.57

0.0474+0.0214  0.0155%0.0047 3.06 1.06 4.11

21.24 2.56+0.18 2.11+0.28 11.390.57 3.1440.10.

Overall (ty-tyn): ' 0.0317£0.0123  0.0177#0.0020 1.79 1.11 4.53

88
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Wm Regeneration

I H Uptake

26 June 18 July 2 September 25 September

Figure 21. Comparison of NH4" regeneration and uptake rates, 1987 field
experiments. Values shown represent treatment means and
associated standard errors. Regeneration of NH4 was not
detected on 18 July.
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Effects of Acidification on Ugtake .and Regenerat’i‘on‘ of Nitrogen

Size-Fractionated Uptake and
-Regeneration of NH,*

Acidification of lake water samples from pH 7 to pH 5 \marked‘ly

reduced NH,* regeneration and uptake rates (Figuré 22; tables 17-21).

When averaged (%t standard error) over 5 experiments, regeneration:

activity was reduced 51.7 * 20.2% in acidified samples containing
all size fractions and 48.9 * 9.7% in acidified samples from which
larger (>63 pum) plankton were excluded. Similarly, NH,* uptake rates

were reduced 51.6 * 13.9% in écidified, nonscreened treatments and

36.3.‘1 25.0% in _'acidified, screened treatments relative to pH 7.

controls. . Exclusion of larger plankton increased NH,* regenér':ation
rates by an average of 60.7 * 14.1% at pH 7 and 321.2 # 201.’3%'at PH 5,
whereas volumét];ic uptake rates Were"‘r‘e‘duced 58.3‘ + 9.5% and 50.1 *
15.7%, respectively. ‘Each of the -above-mentioned effects was

statistically signi‘ficant at a = 0.05 (ANOVA/LSD).. The discrepancy

between “NH,* lost from the aqueous fraction and N gained by the-

particulate fraction generally was increased by thé‘removal of larger

. plankton; pH exerted mno consistent. effect on this discrepancy (see

u:P, ratios, tables 17-21).

Time Gourse of Nitrogen Uptake and_Regerigration

| Data from the 27 September 1987 1abotat'or_y time-cturse/acidification
experiment are summarized in tables 22-23 and in figures-23-24. Changes
1n aqueous. ‘NH4" concentration (8) during the '23-hr incubation were

statistically equivalent in pH 7.4 and pH _5.4 treatments (p > 0.05,




NH4+ Regeneration (NiM hr-1x 102)

Figure 22.
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27 July 1986 r-35
30
125
20
Hs

pH 4.9 pH 6.9 pH 4.9
25 August 1986 r 140

pH 5.2 pH 7.2 pH 5.2

21 September 1986
-35

-30

25 03
77
20 ®
15
10
2
-5
pH 7.1 pH 5.1 0
27 June 1987 80 x
4
0
W
2
20
pH 4.8 pH 6.8 pH 4.8 0
2 September 1987 p8o
-60
40
20
pH 7.4 pH 5.4 pH 7.4 pH 5.4

Effects of pH reduction on size-fractionated uptake and
regeneration of NH/, 1986-87 field experiments. Open columns
represent total uptake or regeneration (all plankton size
classes present); hatched columns denote treatments from
which plankton > 63 /iMwere excluded. Values shown represent
treatment means and associated standard errors. Asterisks
designate treatment means differing significantly (p < 0.05)
from controls.



‘Table 17. Effects of pH reduction on size-fractionated NH,* regeneration (r), isotope dilution-

corrected NH,* uptake (P,), aqueous NH,* concentration (8), aqueous “NH,* specific activity
(R), particulate “N atom-% excess (p), and the ratios r:P,, P.:P (where P is NH,* uptake
uncorrected for isotope dilution) and u:P, (where u is NH,* uptake based only on changes in
S and R), 3 August 1986. Ammonium fluxes are in units of uM hr'!, concentrations in uM,
®N enrichments in atom-%, time (t) in hr, and error terms in *+ standard error.

Size class )
PpH t S R p r P, r:P, PP u:P

All plankton
, "0  3.6240.03 14.58%0.47 O
pH 6.9
6

.08 3.62+0.03 12.54#1.11 0.93i0.14

, 0 3.73%0.02 -14.2040.70 0 , o
pH 4.9 0.0298+0.0399 0.0080+0.0007 3.73 1.03. 5,96

6.15 3.6240.02 13.5140.55 0.25%0.00

Small ﬁlankton.
(<63 pm)

B ' 0  3.77%0.06 14.99+0.22 0 . - , '
pH 6.9 0.1647+0.0522 0.0166+0.0027 9.92 1.05 9.52
5 |

.98 3.81+0.01 11.56+0.94 0.5240.06

_ 0 3.76+0.06 14.52+0.31 0 L ,
pH 4.9 , : 0.0578+0.0215  0.0062+0.0020 9.32 1.13 7.18
6.02 3.84+0.04 13.25%0.35 0.20+0.06 '

0.0897+0.0574 0.0303%+0.0063 2.96 1.07 ‘2.96

6




Table 18.

Effects of pH reduction on size-fractionated NH,* regeneration (r),

isotope dilution-

corrected NH,* uptake (P), aqueous NH," concentration (8), aqueous “NH,* specific activity
(R), particulate "N atom-% excess (p), and the ratios r:P,, P.:P (where P is NH,* uptake
uncorrected for isotope dilution) and u:P, (where u is NH," uptake based only on changes in
S and R), 25 August 1986. - Ammonium fluxes are in units of pM hr', concentrations in uM,
BN enrichments in atom-%, time (t) in hr, and error terms in * standard error.

" Size class

.0240.

13.1240.62 0.3940.05

pH t S R p r P, r:P, P:P u:p,
. All plankton
E 0 .61+0.05 14.74%0.87 0 .
pH 7.2 0.1783+0.0638 0.115540.0130 1.54 1.09 '1.87
, 3.42 3.48+0.10 12.41%0.20. 1.85%0.05 '
, 0 3.6240.03  13.52 0 | C o
pH 5.2 . (no rep.) ‘ 0.0093 0.0701+0.0085 0.13 1.00 1.43
L 3.31 3.3240.09 13.40  1.12+0.10 :
' S : (no rep:)
Small plankton
(<63 pm)
0 3.4840.17 14.53%0.19 0 , ‘
pH 7.2 .0.243440.1625 0.0349+0.0057 - 6.97 1.10 2.46
L 3.24 3.99%#0.03 11.76+1.06 0.93%0.03 '
N .46£0.06 14.3740.14 0 : ' E _ . :
pH 5.2 - 0.1058+0.0622 0.018140.0028 5.85 1.05 3.80
{ 3.22 08 :

€6
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Table 19. Effects of pH reduction on size-fractionated NH,* regeneration (r), isotope dilution-
. corrected NH,* uptake (P,), aqueous NH,* concentration (S), aqueous "NH,* specifie activity

(R), particulate PN atom-% excess (p), and the ratios r:P, P.:P (where P is NH,* uptake
uncorrected for isotope dilution) and u:P, (where u is NH," uptake based only on changes in

S and R), 21 September 1986. Ammonium fluxes are in units of pM hr!, concentrations in uM,

BN. enrichments in atom-%, time (t) in hr, and error terms in * standard error.

Size class-

.75 3.38+0.06

5440

pH .t S R P r P, r:P., P.:P u:P,
© _All plankton
» 0  3.4740.08 11.960.25 0
pH 7.1 | 0.0539+0.0378 0.0274%0.0037 1.97 1.03 2.36
3.75 3.43+0.08 11,28+0.40 0.48+0.02 o
| - 0" 3.40£0.02 11.900.02 o | N |
pH 5.1 - | - 0.0580+0.0218 0.0083%0.0034" 6.99 1.04 9.54.
) 3.77 3.3240.06 11.15%0.27 0.16%0.05 - |
Small plankton
(<63 pm)
| (0 3.07¢0.03 11.84%0.28 0. T e ,
pH 7.1 o o 0.1099+0.0207 0.014740.0057 7.48 1.07 5.64
| 3.71 3.1740.12  10.39%0.02 0.27+0.09 S
| .0 3.12#0.06 11.61#0.17 0 SR .
pH 5.1 { - ' 0.0838+0.0520 0.0080£0.0022 10.48 1.05 1.81 -
3 10.54+0.39 0.1420.02 :

%6




Table 20.

Effects of pH reduction on size-fractionated NH," regeneration (r), isotope dilutibn—'

corrected NH,” uptake (P, aqueous NH,* concentration (S), aqueous “NH,* specific activity

(R), particulate "N atom-% excess (p), and the ratios r:P, P,:P (where P is NH," uptake

uncorrected for isotope dilution) and u:P, (where u is NH,* uptake based only on changes in
S :and R), 27 June 1987. Ammonium fluxes are in units of uM hr?, concentrations in uM,
BN enrichments in atom-%, time (t) in hr, and error terms in + standard error.

Size class

pH t S R p r P, r:P. P:P u:P,
Ail'plankton .
: ‘ 0 3.56+0.11 15.66+0.73 0 :
pH 6.8 0.0279+0.0219 0.0631+0.0078 0.44 1.05 1.97
10.08 2.59+0.05 14.28+0.76 2.9410.21 '
[ 0 3.5240.08 16.19+0.79 - 0 , o ,
pH 4.8 ' 0.0050+0.0180 0.0169+0.0025 0.30 1.01 2.00

© 10.06 3.23%0.08. 15.95i0.3570.7210.06

Small plankton

(<63 pum)

pH 6.8

"pH 4.8

‘ 0 3.90£0.02 16.12+0.18 0 . :
0.0410+0.0079 0.0380+0.0052 1.08 1.06 2.80

)

10.10 3.24+0.03 14.3540.25 2.61+0.04

0.029330.0136 0.0057+0.0011 5.14 1.04 8.63

0 3.89+0.07 - 17.08+0.21 0
.08  15.8040.54 0.35%0.06

10.07 3.6

w
N
\O
I+
o
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Table 21. Effects of pH reduction on size-fractionated NH," regeneration (r), isotope dilution-
corrected NH,” uptake (P,), aqueous NH,* concentration (S), aqueous “NH,* specific activity
(R), particulate “N atom-% excess (p), and the ratios r:P,, P,:P (where P is NH,* uptake
uncorrected for isotope dilution) and u:P, (where u is NH," uptake based only on changes in
S and R), 2 September 1987. Ammonium fluxes are in units of uM hr?, concentrations in uM,
BN enrichments in atom-%, time (t) in hr, and error terms in + standard error.

Size class
pH t S R p , r : P, r:P, PP u:P

All plankton

0 3.68+0.03 15.51+0.20 0
PH 7.4 { 7 0.0316%+0.0094 0.0678t0.0083 0.47 1.03 1.91
' 6.22 3.0740.05° 14.6340.14 1.45+0.11 -
0 3.60+0.09 14.7910.27 0
pH 5.4 ~
6

: 0.0261+0.0151 0.0662+0.0050 0.39 1.02 1.76
.32 3.03+0.03 14.07+0.27 1.3540.03 C '

Small plankton

(<63 pm)
S 0 3.7240.02 15.43%0.17 0 - : _
pH 7.4 - 0.0418+0.0139 0.0067+0.0014 6.24 1.03 14.24
6.16 3.39+0.03 14.35£0.25 0.96+0,08 -
L . 0 3.64%0.05 15.11#0.33 0 . -
pH 5.4 , 0.0115+0.0221 0.010740.0032 1.07 1.01 3.49
6.19 3.48+0.03 14.81+0.47 0.900.03
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Table 22. Effects of pH reduction on time course of NH," regeneration (r), isotope dilution-corrected
"NH,* uptake (V.), aqueous NH," concentration (S), aqueous "NH,* specific activity (R), and
particulate “N atom-% excess (p), 26 September 1987. Regeneration rates are in units of uM
hr'!, specific uptake in hr?, concentration in uM, “N enrichments in atom-%, time (t) in hr,
and error térms in * standard error. Values without parentheses pertain to pH 7.4 controls;
values within parentheses pertain to pH 5.4 treatments. '
t S R p r V.
0 3.20 + 0.14 80.72 %+ 0.44 1.30 £ 0.15
(3.20 £ 0.14) (81.16 + 0.44) (0.79 £ 0.08) .
0.5 0.1166 + 0.0178 0.0507 + 0.0040
: (0.0675 + 0.0730)  (0.0344 + 0.0036)
1.0 3.23 £ 0.01 77.76 £ 0.00 5.44 + 0.28 ,
(3.10 £ 0.12) (79.49 £ 1.73) (3.48 £ 0.27) o :
2.0 0.0404 + 0.0148 0.0418 * 0.0046
o : (0.0250 + 0.0446) (0.0306 + 0.0044)
2.9 - 2,77 £ 0.14 75.78 + 0.39 11.56 + 0.61
(2.96 £ 0.04) (78.22 + 1.47) (8.18 + 0.61)
5.0 ' 0.0627 + 0.0375 0.0285 + 0.0035
, (0.1007 + 0.0600)  (0.0288 + 0.0032)
7.1 = 2.32 + 0.02 68.38 + 2,97 20.13 % 0.79 . :
(2.44 £ 0.02) . (67.07 £ 5.88) (16.79 £ 0.17) ,
11.0 : : 0.1317 + 0.0544 0.0184 * 0.0033
' : . (0.0233 + 0.0234%) (0.0163 + 0.0027)
14.8 1.81 + 0.08 41.79 £ 6.65 27.90 * 0.55
(1.70 £ 0.05) (61.38 + 0.88) (24.93 + 1.11) .
- 18.9 R at equilibrium? 0.0081 £ 0.0024
- : : : (0.0436 % 0.0176) (0.0047 + 0.0062)
23.0- 1.31 + 0.06 42,27 + 4.34 30.70 + 0.33
(1.33 + 0.06) - (48.47 + 3.09) _(27.04 & 2.54)
Overall (t,-t,g) 0.1087 + 0.0315 0.0294 + 0.0017
+ +

(0.0447 +:0.0062)

.0229

.0010)

L6
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Table 23. Effects of pH reduction on time course of NO; uptake (V)'and
particulate “N atom-% excess (p), 26 September .1987. Specific
uptake rates are in units of hr?, N enrichments in atom-%, and
error terms in * standard error. Values without parentheses
pertain to pH 7.4 controls; those within parentheses pertain
to pH 5.4 treatments. ' ‘

t p v
0 0.37 £ 0.00
(0.35 £ 0.05)
0.5 0.0029 = 0.0006
-(0.0024 £+ 0.0006)
1.0 - 0.64 £ 0.06
(0.57 £ 0.05)
2.0 0.0059 * 0.0017
(0.0059 * 0.0009)
2.9 1.72 £-0.16
(1.65 = 0.08)
5.0 10.0069 * 0.0005
(0.0094 * 0.0009)
7.1 4.43 + 0.13
. (5.25 £ 0.03)
11.0 - 0.0060 + 0.0004
‘ "~ (0.0083 *:0.0008)
, § . ' ‘
14.8 8.74 £ 0.26 .
(11.31 % 0.55) s
18.9 0.0058 + 0.0010
) (0.0056 * 0.0024)
23.0 13.23 % 0.74
(15.59 + 1.70)
Overall ty-ty,) ' ~ 0.0060 * 0.0003
, : (0.0071 * 0.0008)




Figure 23.
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Regeneration (NM hr

Spechlc Uptake (hr-1x 102)
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60-

25-

180 -
150 -
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Time (hr)

Effects of pH reduction on time course of NH4+ regeneration,
uptake, aqueous concentration and B\ specific activity, and
particulate Bl atom-% excess, 26 September 1987. Values for
pH 7 controls are denoted by darkened circles (=); those for
pH 5 treatments are represented by open circles (o). All
values represent treatment means = 1 standard error. No
value is reported for regeneration rate in controls at 19 hr;
see text for explanation.
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Figure 24.
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Time (hr)

Effects of pH reduction on time course of NO3'specific uptake
and particulate B! atom-% excess, 26 September 1987. Values
(means + 1 standard error) for pH 7 controls are denoted by

darkened circles (=); those for pH 5 treatments are
represented by open circles (0).
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point-by-point t-test comparison). Decreases in ®NH,* specific activity .

(R) were comparable among pH treatments for the first 7 hr of incubation

(p > 0.05); however, isotope dilution proceeded more rapidly in the PH

7.4 treatment during the 7-15 hr time interval (p < 0.05). ©No further

decrease in R occurred in the pH 7.4 treétment after approximately 15 hr,
indicating that NH,* regeneration had termiﬁated abruptly or; alterna-
tively, that recycling of 1SNH‘,*'v’i.a heterotrophic excretion had dampened
further changes in‘thé BNH,*: total F&L+‘ratio (éf., Glibert et al. 1982;

see also Limitations of Nutrient Regeneration Models, Chapter 5, this

- report).

Throughout theAincubation, seston accumulation of BN from “NH}
(i.e., p) was significantly greater at pH 7.4 tﬁén‘at pH’5:4 (p < 0.05).
Differences in NH,* uptake between treatments WéreAgfeatest‘in the initial
stageé of the incubation. During the appr;ximately 3-min interval
between isotope’ addition and thé-filtration of the firét:("time ;ero“)

samplé aliquot, seston “N enrichments (corrected for ambient BN and for

nonbiolqgiCal a&sorption) increaSéd from zero to 1.30 atom-% at pH 7.4 -

and from zero to 0.79 atom-% at pHIS;Aﬁ These enrichments represented

specific uptake rates of 0.3286 and 0.1988 hr?', respectively, and were

approximately 6 times greater than rates reported for the initial 1-hr

time interval. (In the pH 7.4 tréatment, correction of Nﬁj’ﬁptake rates
for isotope dilution was complicated by the apparent heterotrophic
reéyclingrof Wmt*iduring the 15-23 hr time interval. --Uptake rateg
measufed during this interval were multiplied by a correction factor:of
i.069, based on the average isotope-dilution effect notéd during £he

earlier phases of incubation.)

S N VY A T,
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'In PNO;-enriched samples seston accumulatlon of “N was comparable B

between pH treatments durlng the first 3 hr of 1ncubat10n (p > 0. 05),

then increased disproportionately in the pH 5.4 treatment (p < 0.05).

Rates of NOy-specific uptake increased markedly during the 0-5 hr time

interval in both pH treatments. Maximum values for Vnos' measured during
the experiment were 0.0094 hr' at pH 5.4 and 0.0069 hr'! at pH 7.4. Vo,

decreased rapidly in the pH 5.4° treatmenﬁ. during the lattetr half of the

incubation; specific uptake rates of 0.0056-0.0058 hr! were measured
during the firial (11-19 hr) time intervai,; irréspectiv‘e of pH (p.> 0.‘0.5;'

see Figure 24.).

Threshold of pH Effects on NH,‘*‘ and NO, Uptake

Acidification from pH 7.4 to pH 6.0 had‘ no statistically significant

effect (p > 0.05; ANOVA/LSD) on algal 1ncorporat10n of ISNH,1 dér'ived N,
although a sllght decrease in “N accumulatlon with decllnlng pH was

suggested by the e’xperimental data (see Figure 25) Contrastingly, algaly

incorporation of “NO,-derived N was enhanced by acidification from pH 7.4 ..

to pH 6.0 (p < 0.05). Significant decreases (p < 10°) vere noted in the

"uptake" of both NH,* and NO,; as pH deciined from 6.0 to 5.0; further

significant decreases (p < 10%) were documéni:ed at pH 4.0 and pH 3.0

(Figure 25).

. These results, together with those presented in the preceding E

subsection, su’ggestec‘l‘th‘at acidification first inhibited NO; uptake

within the relatively narrow pH range of 5.4-5.0 -(cf., Comparative

Effects of Mineral Acids on Uptake of NH,® and N03','beioW)'. Ammonium
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50-1
15NH4* Added
40-
30-
20.  pupuan#

100

04-

Algal 15N (atom-%) Excess

H74 pPH70 PpH6E0 EPpHS50 PH40 30

Effects of progressively decreasing pH on phytoplankton
utilization of NH4* and NO3. Values shown represent treatment
means and associated standard errors. Asterisks designate
treatment means differing significantly (p < 0.05) from

controls.

Figure 25.
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uptake apparently was first strongly affected by increasing [H] within
the pH range 6.0-5.0 (see below).

Comparative Effects of Mineral Acids
on Uptake of NH,* and NO, .

The mineral acid chosen as an a’cidif‘yiﬁg agent had little ble‘arin‘g

on the extent of inhibition of NH;* uptake. Seston N accumulation in

“NH,*-énriched samples was comparable among HCl, HNO,, H,SO,, and HNO,/H,S0, .

treatments (p > 0.05, ANOVA/LSD; coefficients of variation among acid
treatments were 10.3% on 27 June, 12.1% on 2 September, and 5.2% on
26 September 1987; see- Figure 26). Contrastingly, NO; uptake demon-

strated consistent differences among acid treatments (p < 0.05,

ANOVA/LSD).. . In the 27 June experiment, reduction of sample pH from 6.8

to 4.8 significantly reduced NO; uptake in all acid treatments; however,

this decline was “signifi..cantly less (p < 0.05) in HNO, and HNO,/H,SO,

treatments. . Acidification to pH 5.0 and 5.4 induced sigriificant -

increases in NO, uptake on 2 and 26 September, respectively; in these
instances, HNO, and HNO,/H,SO, stimulated significantly 'g‘reat‘e‘r increases
than did HCl1 and H,50, (p < 0.05). 1In the 2 September experiment, “NO;

- uptake in experimental treatments actually exceeded “NH,* uptake in

111

counterpart treatments. Moreover, NO; uptake in samples acidified to .
. -]

pH 5.0 with HNO, or HNO,/H,SO, exceeded NH,* uptake in pH 7.0 controls. !

Reasons which may account for differences in NO, uptake amohg experimen-'- :

‘

tal tréatments (each containing presumably saturating levels of NO,) are

considered in detail in Chapter 5. |
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NH4+ 27 June 1987
NO3
pH 6.8 pH 4.8 pH 4.8 pH 4.8 pH 4.8
Control HCI HNO3 H2SO4 HNO3ZH2SO4

2 September 1987

pH 7.0 pH 5.0 pH 5.0 pH 5.0 pH 5.0
Control HCI HNO3 H2S04 HNO3zZH2504
pH 7.4 pH 5.4 pH 5.4 pH 5.4
Control HNO3 H2S504 HNO3ZH2504

Comparative effects of mineral acids on phytoplankton
utilization of NH4 and NO3. Values shown represent treatment
means and associated standard errors. Asterisks designate
treatment means differing significantly (p < 0.05) from
controls.
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Inorganic Nitrogen Incorporation into Protein

Acidification of samples from pH 7.4 to pH 5.4 via HC1 addition

LA

reduced “NH,* incorporation into algal protein by approximately 8.2% and -

increased PNO; incorporatibn‘ into algal protein by about 7.2%, on average

(Figure 27). Although neithe:_: finding was statistically significant at _

@ = 0.05, each was consistent with the effects of acidification on seston’

“N enrichment mentioned previously; specifically, NH,* uptake appeared to

be impeded and NO; uptake enhanced .by‘ 2-unit reductions in extracellular

PH. A comparison of the results from this experiment with those

presented in Figure 26 for 26 September 1987 suggeéted that acidification ‘

had less effect on profein metabolism than it dld on total nitrogen
uptake. (Ammoniiun incorporation into"px;btein was reduced 8‘.‘2%,, ‘whereas
NH,* uptake wa's“'reducec.i 22;7%; NO3'. incorporation dinto protein was:
increased 7.2%, whereas No; uptake was’increased‘"];O.Q%. Recall that the

experiments involved in this comparison were conducted concurrently under

identical incubation conditiomns using water dispensed from. the same lake

water sample.)
Effects of pH Reduction Vc‘)n,Photos.Etl:he'sis and Bacterial Production

Comparative Effects of Mineral Acids
on Algal Photosynthesis -

Results from the 2 and 26 September 1987 e-xpel_‘:im‘ent.s suggested .
that a 70-80% decrease in algal CO, uptake occurred 1n lake water samples
following acidifica.tion‘ (Eigure 28). . M‘ean‘ingfq.‘l - comparisons ‘o"f co,
assimilatioﬁ between circumneutral co.ntrols and ac:_’.vd treatments were

dependent, however, on the accuracy of inorganic carbon equilibrium
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15NO3 Added
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pH 7.4 pH 5.4 pH 7.4 pH 5.4
Figure 27. Effects of pH reduction on incorporation of NH4 and NO3 into
26 September 1987. Values shown

phytoplankton protein,
represent treatment means and associated standard errors.
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2 September 1987

pH 7.0 pH 5.0 pH 5.0
Control HCI HNO3

26 September 1987

CO2 Incorporation (DPM x 10

pH 7.4 pH 5.4
Control HCl HNO3 H2S04  HNO3ZH2S04

Figure 28. Comparative effects of mineral acids on phytoplankton
incorporation of X02. Hatched columns represent 1402
incorporation "corrected" for increased K02specific activity
in experimental treatments relative to controls (see text for
details). Values shown represent treatment means and
associated standard errors.



L .} VRS-

109‘.

Caicﬁlations described in Chapter 3. ~Given the low values for C, in both:
the controls and the ekperimenta’l treatme;:lts, con‘siderable unce‘rt;ainty‘
was ‘associated with estimates of sample %CO, speci'fic activity and with.
“C-base& inter-sample (control versus experimental) éomparisons"of carbon
fixation rate. Contrastingij, intercomparisons of ’CO2 fixa_tion among acid
‘tre:‘itments were unambiguous (CO, specific activity .was ‘invariant among
" acid treatments). Seéston incolrporat‘io‘n.v of BN isétope on 2. Seprtember w‘as
not influenced by the ‘mineral acid or mineral. acid ‘combilnation ~chosen as
an acidifying- agent (p > 0.05, ANOVA/LSD). On 26 Seéeptember, sampies

augmented with HNO, or with HNO,/H,SO, cieﬁ;oristrated significantly greater

pl'.xotosy'nthetic activities than did those augmented with HCl1 (p < 0.05,

ANOVA/LSD), suggesting that the availability of NO; (and possibly .tliqef
combined availability of NO; and 80;2) ’af; .high cbncentration (‘6(’)v-117 pM) _
enhanced rates of algal CO, fixation under acidic conditions. Significant

difference‘s in chlorophyll a conceptrai:i‘bn were not -Qbﬁewed among acid .
treatﬁents or‘.bet.weén controls and -acid treatmeﬁts in either éxperimenf '

(p > 0.05, ANOVA/LSD).

- End Products of Algal Photos;mthesié‘

Photosynthetic incorporation of ‘14002' at circumneutral pH was direct-‘ed
primarily towards protein synthesis (‘44.9%)“,"‘fvdllo‘wevd by the synthesis
~of polysécchari_dé (2‘5.9%)‘, lipid (16.2!.%) and LWWM '(1‘3‘-.0%; see Figure 29).
In acid treatments (pH 5.4), “CO, incorporation again was dominated by
protein (52.6%)‘,. ‘followed by polysaccharides (25.9%), ‘lipid (15.6%) énd
IMWM (5.9%). Differences in the propo‘rtf_ion‘ of assimilated *C direcfed

into the IMWM fraction at pH 7.4 versus pH 5.4 were statistically‘..




MUCO2 Incorporation (DPM x 10'3)

Figure 29.

no

pH 7.4 Control

pH 5.4 Treatment

Protein Polysaccharide LMWM

Effects of pH reduction on K02 incorporation into phytoplank-
ton protein, polysaccharide, lipid, and low molecular weight
metabolites, 26 September 1987. Hatched columns represent
K02 incorporation 'corrected" for increased K02 specific
activity in experimental treatments relative to controls (see
text for details). Values shown represent treatment means
and associated standard errors.
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significant at (p < 0.05; t-test). An approximate 80% decrease in total

CO, fixation appeared to accompany the acidification of samples from pH
7.4 to pH 5.4. The significance of this finding was obscured, however,

owing to the questionable accuracy of the correction factors used to .

account for differences in “CO, specific activity between pH treatments

(see preceding subsection).

Bacterial Secondary Production

Acidifi,cétion of circumneutral lake water ‘samples to pH 5.0

(2 September 1987) or pH 5.4 (26 September 1987) reduced bacter'ioplankt‘on'

*H-thymidine incorporation 28.2% and 27.2%, respectively (p < l0.‘0‘5,

ANOVA/LSD; data corrected for abiotic adsorption of *H; see Figure 30).
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2 September 1987
14T

26 September 1987

3H-Thymidine Uptake (DPM x 10*4)

Formalin Kill pH 7.4 Control pH 5.4 Treatment

Figure 30. Effect of pH reduction on bacterioplankton uptake of #H-methyl
thymidine. Values shown represent treatment means and
associated standard errors. Asterisks designate treatment
means differing significantly (p < 0.05) from controls.
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CHAPTER 5
DISCUSSION

Ecological Significance of NH,* Regeneration in. Snowbank-Lake

The importance of NH,* regenérat’ion as -a source of nitrogen for
phytoplankton growth and metlabolism in Snowbank Lake may be evaluated by
considering (1) the extent to which nitrogén availability regulates

w'ater-chumn primary production, (2) the a‘bility of the phytoplankton

COmm{mity to .selectively exploit regenerated NH,* in the presence of:

other, more “abundant nitrogenous nutrients, (3) the .‘rate of NH,*
regeneration. relative to' the rate ’"of NH,* uptake within the lake's
limnetic waters, and (4) the degree to ’w,hich water-column regenerative
and assimilative fluxes of NH,* are temporall.y‘ and spatially coupled.

This section considers each of these factors individually, then concludes

by presenting a preliminary conceptual model of water-column NH," dynamics

in Snowbank Lake.

Evidence for Nitpogen Limitation of
Water-Column Primary Production

Algal productivity in freshwater "ecosystems is ‘influenced by a
diverse and .interacting array of environmental factors. ‘Some of these

factors (e.g., nutrient supply, radiant energy, temperature) operate

directly on cellular metabolism and replicétion, whereas others (e.g.,

predation, sedimentation, ‘advective displacement) affect population

Ll
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density and, therefore, the total production which is possible within a
given volume of water over a spécified period of ti&e. The perceived
1mportance of any single factor in the regulation of algal growth tends
to vary accordlng to the temporal and spatlal scale of observatlon
(Carpenter and Kitchell 1988). In some lakes, however, water-column
primary production may be enhanced indefinitely by Sustéined additiohs
of é particular nutritive substance (e.g., phosphorus in many Precambrian
Shield lakes of northwestern Ontario; see Schindler et al. 1978a), in
which case the traditional "limiting resource" concept (Liebig'é law of

the minimum) appears to have general application. From an opefational

standpoint, a limiting resource‘mqy be defined as the environmental

parameter which directly constrains b, in the equation

b, - d =1 (22)

where b; represents the per capita reproductive -("birth") raté éf a given
algal population at time t, d, is the population’s .instantaneous per
capita death rate (the magnitude of which is determined by a myriad of
environmental factors), and r, is the population's instantanéous per
capita growth rate (roughly equivalent to per capita net productivity).
Limiting resources may change with time, and they may differ among algal
populations at any moment in time (see Partitioning of Nitrogenous

Resources among Phytoplankton, this chapter). Their influence on whole-

lake bidlogicél productivity is manifested primarily through effects on -

algal cellular metabolism and reproduction (b,), and these effects may be
offset or exacerbated by concurrent environmental influences on algal

mortality (d,; see Metazoan Agents of NH, Regeneration, this chapter).
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Accordingly, references made to algal nutrient limitation or nutrient

deficiency in the remainder of this report allude to the influences

exerted by resource availability on cellular metabolism and reproduction;

~ They do not imply that other envirommental parameters_iéck any appreci-

able influence on water-column primary production.
Experimental and observational data collected during the present

study suggested that phytoplanktoﬁ growth in Snowbank Lake was limited

by the availability of assimilatable nitrogen. Consider the following .

evidence:

1) Short-term nutrient enrichment bioassays consigtently implicéted
nitrogen (rather than phosphorus) as the elementﬂpresent in growth-
limitihg proportions (figures 1l and 12)A |

| 2) thle-lake NH;;'+- No;:SRP molar ratios were well below the
nitrogéﬁ:phbsphorus atom ratio of 15-16 traditionally associated wiﬁh
balanced nutriént_availability iﬁ aquatic environmeﬁ;s (Redfield 1958;
Redfield et al. 1963) and consistently‘léss than the optimal supply
ratioé reported for freshwater phytoplankton species . in culture

(Table 24).

3) Seston carbon:nitrogen atomic ratios were high relative to the
Redfield proportion of C,N;s achieved in nutrient-saturated algal cultures

and in natural -aquatic environments under optimal algal growth conditions

(e.g., Goldman et al. 1979; Goldman 1984a,b, 1986).
4) Maximum biomass-specific uptake rates for both NH,* and NO; were
comparable to those reported previously for nitrogen-deficient surface

waters; moreover, extremely rapid rates of.NHj'uptake noted in the early
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Table 24. Literature values of critical (optimum) nitrogen:phosphorus
supply ratios for some common lake phytoplankton (from Suttle
and Harrlson l988b)

Species N:P (atoms) Original references
Melosira binderana -7 : . Rhee and Gotham 1980
Microcystis sp. ‘ 9 Rhee and Gotham 1980
Synedra ulna 10 Rhee and Gotham 1980
Asterionella formosa 12 " Rhee and Gotham 1980
Selanastrum minutum 15-22 : Elrifi and Turpin 1985
Ankistrodesmus falcatus 21 ' Rhee and Gotham 1980
Paviova lutheri  21-45 Terry 1980
Selanastrum capricornutum 22 Rhee and Gotham 1980
Fragilaria crotonensis ' 25 " Rhee and Gotham 1980 -
Synechococcus linearis 25-45 Healey 1985

Scenedesmus obliquus 30 Rhee and Gotham 1980

minutes of time-course incubations were suggestive of "surgeﬁ uptake, a
phenomenon previously documented for nitrogen-starved algal cultures and
for nitrogen-limited phytoplankton assemblages in various lacustrine and
oceanic environments (see Healey‘1973; Rhee 1978; Wheelef\et al. 1982;
Priscu and Priscu 1984; Harrison and Harris 1986; Priscu 1987; Suttle and
Harrison 1988c).

Although the above findings collectively provided stfong evidence
for the seasonal nitrogen limitatiOn-of phytoplankton primary production
in Snowbank Lake, further comment is warranted concerning their inter-
pretafion' and general wvalidity. Rega;ding the short-term nutrient
enrichment bioassays (finding 1, aboﬁe), it is known that some phosphorus

deficient algae respond to PO addition by directing their metabolism
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first to‘the‘rapid assimilation of'phosphoruéw‘then‘to‘the conversion §f
stored carbon to metabolites supportive of enhanced gfowth and, finally,
. to the accelerated photoassimilation of inorganic carBon‘(Healey 1979;
Lean and - Pick 1981). Similarly, a‘transient‘suppfeséion of photosyn-
thesis is sometimes observed following the addition of F@L* t§ cultures
of nitrogen-starved algae, owing to an‘initial metabolic emphasis on
“hitrogen assimilation (reviewed by Elrifi and Turpin 1987). Therefore,
the outcéme of any “C-based nutrient eﬁrichment bioassay may depeﬁd‘nop
only‘on the nature of the nutrient deficiency, but also on the time scale
of the exferiment.» In the‘présent study, an effort was made to minimize
the effect ofypossibie timévlags in phofosynthetic respohse By aliowing
nutrient-enriched samples to preincubate for 24 hr priér to MC-NaHCO,
addition (Chapter.3).

Measured NH,* + NO;:SRP molar ratios provided a questionable basis

for estimating the relative availability of assimilatable phosphorus and -

nitrogen in Snowbank lake (finding 2, above). On one'ﬁand, SRPihas been
shown to wunderestimate the availability of biologically reactive
phosphorﬁs in 1akes and streams. (Bradfdrd‘and:Petérs 1987),‘suggesfing
that nitrogen deficfency in Snowbank Lake was more severe than originally
indicgted (cf., tables 6 and 24). On the other hand,‘diséolved‘orgaﬁic
nitrogen (DON) was not considered in the dissolved nitrogen/phosphorus
comparisons. The labiie‘DON pool in most aquatic ecqus;ems consists
largely of amino aéids, péptides and more compiei‘niffogenous compounds .
Many. of these compounds satisfy algal hitrogen requirements in axenic

culture (reviewed by Heaiey 1973; McCarthy 1980), but heterotrophic

~bacteria are known to have greater affinities for these substances and
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to comprise the principal sink for DON in natural waters (Crawford et al.
1974; North 1975; Payne 1980; Hollibaugh and Azam 1983; Billen 1984f
Hagsrtrc.)m et al. 1984; Wheeler and Kirchman ‘19_8‘6). A more readily
assimilatable form of DON for phytoplankton is urea, a waste product of
heterotrophic metabolism and an important algal nutrient in many marine
eéosystems (é.g;, McCarthy 1972; Parsoﬂs:éf al. 1977; Sahlsten 1987) éna
-in.some inlana wéters (Wynne 1987). For reasons explainéd in the
following subsection, urea was deemed comparatively unimportant to
phytoplankton production in Snowﬁank‘Lake.‘

The elemental composition of seston in Snowbank Lake (finding 3) was
influenced by the‘presence of detritus, which tends to have a greéter
carbon:nitrogen ratio théh algal bibmass (see Lo;enzén 1961; Bloescﬂ‘et
al. 1977; Priscu and Goldman 1983). The extent of this influence was
estimated on. the basis of-the observed temporal relationships between
éhlorophyll a,\PC and PN (Table 8; cf., Priscu and Goldman 198$)m‘ The .
ordinal intercept of the linear regression of PN onv cﬁlorophyll a
concentration provided a.ﬁime-integrated approximation of nonalgal PN;
similarly, the intercept of the regression of PC on chlorophyll a

provided an estimate of nonalgal PC., During the 1986-87 ice-free
seasons, at a depth of 2 m, detrital PN averaged (& propagated standard-
error; see Skoog 1985) 13.6 + 15.6% of fhe measuréd PN, whereas detrital
PC averaged 16.6 * 11.0% of the measured PC. Correction for the;presencé
of detritus redﬁced the measured, time-integfated average (& pfppagated
standard error) ratio of carbon:nitrogen in phytoplankton célls‘from

11.4 * 1.0 to 11.0 * 2.6. Relative to the Redfield ratio of 7, the
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corrected ratio remained suggesti&e of a nitrogen-deficient phytoplankton
assemblage (cf., Goldman 1986).

Regarding finding (4), above, temporal reductions in VNH4+ and PNH4+

(figures 20 and 23) may have resulted from a rapid satiation of biologi- -

cal nitrogen demand, from thé observed gradually diminishing availability
of NH,* due t;O‘” substrate utilization or loss (i.e., a methodoloéiqal'
artifact; see Limi‘tat.ions of Nutrienf Uptake Models, this chaptér) , OT
from a combination of these factors. No method existed for clearly

distinguishing among these possibilities ex post facto. That added NH,*

concentrations of approximately 7 pM in experimental vessels were reduced »

by as much as 35% in less than 24 hr (Figure 20), however, suggested that

the phytoplankton demand for nitrogen greatiy exceeded NH,* supply under
ambient conditions. | Horrigan énd McCarthy (1982) have argued that
". . .. evidence of enhanced potential for NH,* uptake by natural (algal)
assemblages cal:mot be used to infer nitroger'1 limitation; rather, i:t.may
indicate only fhat NO;” and/or NO, a;re supplying the bulk of the N ration."
Impli.cit in their argument is the preferential uvtiliz.ation of NH,’ over
oxidized forms of nitrogen (considered be]iow) . Howé'ver, a stoi'chiometric
substitution of NH,® for NOB'. in the- algal "N ration" could not have
accounted for the extraordinarily large increases in NH,* uptake
frequently documented in the present study following the addition of “N-

labeled substrate to lake water samples (Figure 15); i.e., NH,* prompted

a significant increase in total nitrogen (NH,* + NO;") uptake, as one would

expect given its strong stimulatory effect on algal photosynthesis

(figures 11 and 12).
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Despite the inevitable uncertainties associated with any ﬁeasure of
algal nutrient status. in natural aquatic ecosystems, the evidence
considered in this subsection suggested that nitrogen availability
exerted a singularly important influence on phytoplankton growth in
Snowbank Lake dufing the 1986-87 ic‘e,-free‘seasons. ,Nitro.genous compounds
which were most impoftant, to phytoplankton nutrition during this period

are considered in the following subsection.

Evidence for Algal Preferential Uptake of NH*

Many algae utilize NH,* preferentially in cultu,ré and will deplete

this resource completely before commencing uptake of alternative nitrogen

compounds (reviewed by Healey 1973; see also Caperon and Myer 1972;
Horrigan and McCarthy '1982) . Similérly, many natural -phytbplankton
assemblages selectively exploit NH,* in the presence of more abundant

nitrogenous nutrients, such as NO; (e.g., McCarthy et al. 1977; Axler

et al. 1982; Berman et al. 1984; Priscu et al. 1985; Sahlsten 1987).

Physiological explanations for this phenomenon inVariably focus on the
inhibitorly effects of NH4+-‘ on NOy reducta..ses‘ or, alternatively, on the
unfavorable expenditures of reductant necessary to convert oxidized forms
of nitrogen into cellular corﬁponents (reviewed by Raven 1980).‘ - Of
‘greater interest to this discussion, howevér, are the environmental
conditions which tend to promote the preferential uptake of NH,* over
oxidized forms of nitrogen.. Hofrig'an and McCarthy (1982) have proposed

that nitrogen availability in euphotic regions of the open ocean is

associated predominantly with ephemeral microzones or "patches" of

regenerated NH,*, which must be exploited rapidly given the dispersion
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~dynamics of turbulent waters; hence, a necessary attribute among marine

phytoplankton is the capacity to sequester NH,* at a rate many times

greater than required for steady-state growth. In contrast, episodes of

Ll

high NO, availability are -associated with infrequent, relatively -

persistent disruptions of the thermocline, and a continuously maintained
capability for rapid NO; uptake would provide no obvious advantage to a
marine phytoplankter (cf.,‘PriScu and Priscu 1984a). Accordihg to this

model (essentially an extension of the Dugdalé/Goefing‘paradigm;'see

Chapter 1), nitrogen deficient marine algae presented with an experimen-

tal pulse of both Nb; and NH/* wouid tend to utilize the latter nutrient
most effectively, owing to an intrinéié capacity for ;urgé NH,* uptake,
Ammoniuﬁ preferences observed in fresh&ater algae have been-intérpfeted
similarly (Priscu et al. 1985).

in Snowbank Léke, maximuﬁ specific uptaké‘rates for NH]‘and.ﬁO; were

comparable to those reported for other nitrogen-deficient lakes and for

coastal and open oceanic waters (Axler et al. 1982: Priscu.and Priscﬁ"‘

19845 Sahlsten 1987); suggesting that thé‘evolutionary forces acting upon
nuﬁrient‘ uptake have been vsimilar in a wide Qariety of aquatic
ecosystéms." Maximum uptake rateg were genefally much greater for NH,*
than for NO, when Based on 5-hr field incﬁbations (Table.ll)ﬂ- As

demonstrated in the 26 September 1987 léboratofy time-course experiment,

however, perceived differences in uptake rates were largely a function

of experimental time frame: field incubations of lesser duration would

have emphasized the rapid initial uptake of NH,* and suggested a wide
discrepancy between‘Vﬁmmu+ and Vmﬂﬂoi, wh?reasylonggr inéubations would

have implied little difference between NH,* and NO; uptake capabilities
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(figuresv 23 _and 24) ., Never‘the-léss, the observed capacity for immediate
utilizati(.)n of added NH,* was consis‘tent with‘ the aforementioned
conceptual model of Horrigan anci MéCar-thy (1982), in that Sn;)v\'r’t:;ank Lake
phytoplan‘ktoﬁ appeafed ‘physiolo,gically' cépable of exploiting ephemeral
NH,* patches ~rve‘su1t’ing- from zooplankton excretion and microbial &ecomposi-

tional activities. Comparativeiy slow physiological responses to NO;

addition suggested that phytoplankton were incapable of’ ‘exploi,ting NO;

- microzones, such  as presumably occur in the vicinity of nitrifying

bacteria (ef., Priscu 1987; Priscu et al. 19‘89); instead,‘NO; utilization
appeared oriented toward a less variable "background concentration"
(hereafter defined as the nutrient level resulting from the uniform

mixing of an arbitrarily large volume of lake water).

Relative Preference Index (RPI) vélues near unity indicated that NO;

‘util;izatl".on in SnowBank Lake was roughly proportional- to NO; availabiiity
and that algal utilization of NO, was not inhibited by the comparativeiy
low (= 0.1 uM) ambientv concentrations of NH,* (cf., McCarthy et al}._ 1977).
The design of the substrate competition gxperime;:lts .:c>Bscured the actual
effect of serial NH,* additions on NO; uptake, Iin thajt‘ the effects of
unlabeled vhitrogen uptake on qeaéured V‘,;oa- were not q‘onsic‘leredv (serial
additions of “NH,* undoubtedly increased NH,” uptake asymptotically, thus
artificiall& decreasing seston "N:"N + “N accumulation ratios (see Collos
1987; cf., “"Fiﬂgur‘e‘ 15; this .re'p‘(;rt). Inte_res,tingly," it; has been shown

that phyto;ilankton grow equally well in NO,- or vNH['-suppor‘ted cultures

under nitrogen-limited conditions, implying that the energetic ‘qisadvan-”

—LL il

tages presumably associated with NO, assimilation may be inconsequential |

under such circumstances (discussed by Raven 1980). Given the
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nitrogen-limited rather thanilight-limited statué of Snowbank Lake (at
least during summer daylight hours at‘a‘depfh.of‘2 m), the utilization
of all forﬁs qf assimi}atable-nitrogeh to the fullest possible extent
would tend to maximize algal growth, regardless of the energetic
expenditures involved. Futurelsubstrate competition studies (in which

unlabeled nitrogen uptake is adequately accounted for) may reveal that

‘uninhibited NO; utilization by pﬁyfoplankton is a distinguishing‘féature

of Snowbank Lake and similarly nitrogen-deficieﬁt, "energy-rich" aquatic’

ecosystems.
The ability of Snowbank Lake phytoplankton to rapidly exploit NH,*

additions undoubtedly influenced the results of the NH,*/NO,/urea

enrichment comparison experiment (Figure 13). By quickly alleviating

nitrogen deficiency, saturating NH,* additions permitted a significant
photosynthetic fespon;e within a comparqtively sﬁort experimeﬁtal time
ffame. The gradual increase in No; uptake noted during the laboratory
time course experiment (Figﬁre 24, contrdi treatment):guggested that,
gfven a 1oﬁger‘ incubation period, NO, additions also would have
;timulated inorganic carbon fixation. Indeéd, No;,uptake did not differ
significantly.from NH,* uptake during the final (11-19 hr) interval of the
time-course incubation, implying that both nutrients would have served
equallvaeli'as a nitrogen SOufce if provided continuously over a longer
period. The significant reductions néted_in photosynthetiq activity
following v7-pﬁ additions of ureat (Figure 135 suggested that gaid

additions had an inhibitory (toxic) effect on algal growth or, alterna-

- tively, that metabolic energy had been diverted to the produétion and/or

activation of urea assimilatory enzymes (see Raven 1980; Elrifi and

1
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Turpin 1987). The apparent absence of a high ass.imil#tory potential for

urea implied that Snowbank Lake phy.topla'nkton‘ did not regularly encounter

microzones of this compound. Given that most aquatic heterotrophs are:

ammonotelic rather than ureotelic (Campbelil_1970‘a,;,b) and that sewage
inputs are nonexiétent in the uppér Hell Roaring Creel_c‘ watershed, urea
wﬁuld not  be expected to qontribu‘te significantly ?:o - phytoplankton
primary production in Snowbank lake. | “ | o

Based on the results of the nutrient en]:{ichrxient exéeriments (figures
11 and 12), the rap-ird photosynt-hétic enhancements noted in iake water
samples following dilution with snowmelt and snow field runoff fﬂere
éttributec__l primarily to NI‘-I‘,+ inputs '(seev Table 4). However, it is likely
that the reiatively high conc’entratio;n's ;)f NO; in meltwater Qbﬁld have

contributed to longer-term (days‘-weeks.)‘ enhancements of primary produc-

tion, as demonstrated for nitrogen-deficient marine waters following .

episodes of NO;-enriched precipitation (Paerl 1985; cf., Figure 24,
control treatment, this study). Ammonium, NO, and SRP concentrations in
snow field runoff were ‘re’du!ced markedly ‘en route to ‘Snowbahk, Lake

(Figure 8), presumably owing to uptake by epilithic diatoms which

dominated the boulder field aquatic flora.  Concentrations-of NO; were -

reduced further within the lake; a comparison of NO, levels in the

inflowing stream with those in the lake water column and outflowing

stream indicated that Snowbank Lake was a ‘net sink for NOy. Incoming

concentrations of NH,* and SRP were not chaﬁged 'sigﬁificantly in Snowbank

Lake, suggesting that regenerative and- assimilative fluxes of these

nutrients were approximately in balance on an ecosystem scale. This
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contention receives more thorough consideration in the following
subsection.
Quantitative Comparison of NH," Regenerative

and Assimilative Fluxes -

LI_L

Background concentrations of nutrients in any aquatic ecosystem are

determined by incoming and outgoing nutrient fluxes (advective, diffusive -
and atmospheric) and by the biogeochemicali"product,_ion and consumption of -

these compounds within the system. A detailed analysis of all factors

influencing NH4+'availability in Snowbank Lake was far beyond the scope
of this study. ‘However, water-column concentrations of NH,* clearly

reflected levels in inflowing stream waters, -suggesting .that the

availability of this nutrient was based primarily on advective inputs

(which provided .a baseline concentration of approximately 0.1 uM on which

biogeochemical forces within the lake could act) and internal reminerali-

zation activities (which precluded NH,* depletion despite a high-'

biological demand for nitrogen). Regarding the latter factor, measured

whole-lake concentrations of NH,* .were relatively c'onstani: during the
1986-87 ice-lfre'e“ seasons (inean = 0.13 .pM; CV = 31%), implying that
regenerative and as‘simil.ati\'re' fluxes of NH,* were épproximately in .balance
on an ecosystem scale. Such a balance was ﬁot corroborated by ‘the field

experiments conducted duaj:ing‘ this period (tables .13-16). Instead,

regeneration rates were ‘typically greater ‘thHan uptake rates calculated -

as P, (i.e., based on “NH,*-N gained by the particulate fraction), even'

though P, was based on saturating subs‘trate additions; l_contrastingly, r
was 'consisténtly less than uptake rates calculated as u (i.e. , based on

“NH,*-N lost by the aqueous fraction; see equations 8-12, Chapter 3)
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The remainder of this subsection attempts to resolve these discrépancies

by examining the limitations of the theoretical models and experimental

methods used in this study.

Limitations of Nutrient Uptake Models. Although seldom ekplicitly .

stated, the following 6 assumptions underlie most “N-based models of NH,*

up;ake: (1) assimilative fluxes of NH;* are»coﬁstant'betWeen successive
sampling points in an experimental tiﬁg serieé;'(Z)-iéAtqpe dilution due
to ammonification is negligible; (3)'algae do not discriminate betweéﬁ
lﬁﬂﬁ+‘and “NH,*; (4) algae do not exude “N-labeled metabolites; (5) no
significant chaﬁge occurs in algal nitrogep‘content‘during incuBations;
and (6) uptake of other;.unlabeled nitrogenous compounds is‘quanti;a-
tively unimportéht. ‘With the possible exception of 3, ébpve; ﬁbne of
these assumptions is entirely consistent with empirical eQidence;
Ammonium uptake is §ften conspicuously noplinear following‘expefimental

additions of “N tracer (figures 20 and 22; cf.,-Cdllos 1980; Glibert

et al. 1982; Priscu 1987); isqtope dilution is frequently significant and'5

can lead to gross interpretational errors if ignored - (Garside 1984);

algae exude substantial amounts of DON, and the potential exists for

rapid biochemical turnover of labeled nitrogen compounds (see Mague

et al. 1980; Sendergaard et al. 1985; Bjornsen 1988); increases in algai

nitrogen content occur during many “N-tracer studies, especially those

involving nitrogen-deficient algal‘éSseﬁblages (e.g., Collos 1980; Collos

and Slawyk 1980); and phytoplankton uptake of unlabeled nitrogen

(especially NO,-N) is unavoidable in many aquatic environments (Table 12;
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see also Horrigan and McCarthy 1982; Berma-_n‘ét al. 1984; 'Priscﬁ et al.
1985; Harrison et al. 1987; Sahlsten 1987).

AInm'onium‘-uﬁtake models formulated by Glibert et al (1982) aﬁd’ Laws
(1984) have improved upon previous moc'iels by compensating for the éffeét‘s
of i§otope dilution. More recently, Collos (1987) has present‘ed a

mathematical model which corrects for increases in algal nitrogen content

and for the simultaneous uptake of labeléd and unlabeled nitrogen . -

compouﬁds, Recall that in fhe ‘present stu&y NH,* uptake rateé were
calculated via Laws" equation, with one modification: PN concentrations
measured at the be‘git‘ming é.nd end of each‘ incubation (Qf time step) were
averaged, and uptake was normalized’ t;o biomass based on this averagé (‘P_N)
rather thaﬁ" on the final PN concentration. (PN,; see equation . 10,
Cﬁapter 3)‘. The rationale behind this modification was two-fold. First,
changes in particulate nitrogen conc'e_ntratibn- were seldom statistically
. significant, and.:it was believed that by averaging 6 obseﬁa-tibns rathef
than 3, a more representatiire estimate pf this concentration'wOulci be
obtained. ‘Se‘c~0t‘}dl’y, uptake rates based on PN, did not acqommodate
decrea.;es in Pﬁ : concentration observed at the beginning .df sc;me_ ‘time-
coﬁrse experiments. Figure 31 illustrates the influence that various
models would exert on one's pefceptic;n c;f _NH,,.+ upt;ake under such

circumstances. The delayed increase in NH,* uptake indicated by models

1-3 was clearly an artifact resulting from the use of PN, in the numerator

of the uptake equations. Model 4 was less sensitive to decreasés in
particulate nitrogen concentration, but gave lower estimates of NH,'

uptake when PN‘ exc':ee'_ded- PN, (where PN, fepresents the concentration at the

A
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Pnh4+ - (Ap-PND ((RO-PO)AL); Collos (1987)

pNH/ - (Ap-PND s (R-At); Laws (1984)

Pnh4+ " (Ap-PND s (RO-At); Paasche and Kristiansen (1982)
Pnh/ - (Ap-PN) s (R-At); this study

pnHat — (Ap-PNO) s (RO-At); Eppley et al. (1977)

Time (hr)

Comparative effects of 5 mathematical models on perceived
time-course patterns of NH4+ uptake. Data shown are based on
field experiments conducted 2 September 1987 (Table 15;
Figure 20). Symbols used in original reports have been
reexpressed for consistency; see Chapter 3 for definition of
terms.
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beginning of the time step). Calculated over the entire incubation

period, uptake rates assumed the following order:‘model 2, 32 nM. hr?;

LI A )

model 4, 29 nM hr'; models 1 and 3, 28 nM hr?'; and model 5, 23 nM hrd.' 

The higher rates associated with models 2 and 4 reflected the fact that '

decreases in R were of greater relative magnitude than increases in PN .

(Table 15); that is,'compénsating for the effects of isotope dilution was
quantitatively more important than correcting for increases in algal

biomass (model 1). Interestingly, differences in Emu+,values'among

models appeared relatively minor when compared to the'large experimental.

errors commonly associated with 1SN-base(‘i estimates of NH,” uptake (see
Laws 1984; Kokkinakis and Wheeler 1987; cf., tables 13-16, this study).

By comparing Pmﬁ+ values based on model 3 with those based on models

1 and 2 in'Figure 31, it becomés apparent that the‘uptake‘of un1abe1ed -

nitrogen compounds, the observed increase in PN‘concentration; and the
dilution of the “NH," pool contributed little to the large discrepancies

- noted between u- and P,-based measurements of NH,* uptake (tables 13-16).

However, the initial decrease in PN concentration noted in this and other

time-course experiments (Figure 20) suggested that the release of “N-

labeled DON by phytoplankton may have constituted a more serioﬁs‘source

of error. Whether such decreases reflected a normal physiological

" response to enhanced nutrient availability or were simply a manifestation’

of héndling‘-procedures, bottle confinement or other experimental
conditions is uncertain. Regardless, they implied that further nitrogen

losses were possible during later time intervals (despite net increases

in‘celiular nitrogen) and emphasized the potential for the release of ®N-

labeled compounds by algae within the time frame of the experiment. As
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depicted in Figure 32, discrepancies between u and P, were greatest at the

beginning of the time-course experiment considered in Figure 31, despite
the fact that algal uptake of NHj'wae most rapidgduring this period. The
concomitant decrease in PN concentratlon prov1ded strong circumstantial

evidence for the release of N-labeled DON by phytoplankton Assuming

‘for a moment that-dlscrepanc1es between u and P in field t1me-eourse

experlments were due entlrely to the loss of labeled DON, 75-82% of the

LI_E

NH,*-N taken up by phytoplankton subsequently was dlscharged as organic

nitrogen (based on.whole-experiment u:P, ratios; see tables 13-16) .. These
percentages would not be altogether 'unrealistic in many aquatic

ecosystems; for example, Williams (1981).estimated that 50-60% of the

carbon fixed by marine phytoplankton was cycled thfeugh the dissolved

organic carbon (DOC) pool to bacterieplanktbn, either directly (via algal

exudation) or indireCtiy (through zboplankton‘grazing and excretion; see

Trophic Interactions of Importance in Planktonic Nitrogen Cycling, this
chapter). Laws (1984) critically evaluated.the methods and results of
several lSN‘-'based,nut-rient cycling exﬁeriments conducted by Glibert et al.
(1982) in coastal and open oceanic waters, concluding that algal DON loss
was a major factor influencing u:P, ratios in that study. The results of
the present investigaeien likewise suggeeted that comparisons betweenau
and P, were influenced by algai release of “N-labeled organic compounde,

Bactefial nitrification acfivities‘may'have constituted:ah.additioﬁ-

al sink for 1SNH‘,‘.‘ in this study. Although nitrification rates were not

. monitored during field experiments, indirect evidence suggested that

these rates were negligible on an experimental basis. For example, NO;

concentrations were stable during time course incubations despite 3.3-uM

I
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Time (hr)

Figure 32. Time course of particulate nitrogen concentration (*) and NH4+
uptake (0) and the ratio u:Pc (X) . Data are based on the

2 September 1987 field experiment considered in Table 15 and
in figures 20 and 31.
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additions_pf B&L*; therefofg, any increase in‘NO; productioﬁ would have
been offset by a concomitant, stoichiometric increase in‘NO;,consumption,
an unlikely scenario given the slow response of phytoplankton to NO;
eﬁrichment (Figure 24). Secondly, bécterial nitrification is stronglyA
inhiBitedA by light (Horrigan ‘et al. 1981; élson 1981), and field_
experiments in the‘presgnt study Qere carried @ut‘at the wéil-illdminated
depth 6f‘2 m (3 August 1986 only) or at the lake surface under somewhat
reduced irradiance conditions (40%'ambient'irradiance; seé Chapter 3).

Water-column profiles for NH,* and NO, 'suggested that nitrification

‘rates were substantial in the deeper (>6 m), more poorly illuminated

waters of Snowbank Lake (Figure 6). Hence, NHf'oxidatién may have been

an important sink for NH,* on a whole-lake, if not an experimental, basis

~during the 1986-87 ice-free seasons.

Ammonium uptake by cells too small to be retained on GF/C filters

"(effective retention capacity = 1.2 um) also undoubtedly contributed to

the large u:P, ratios reported in this study. Previous investigators have

found that 60-70% of all countable bacterioplankton (large enough to be )

 enumerated by fluorescent microscopy) readily pass throﬁgh GF/C filters

(e.g., Hobbie et al. 1977). These organisms, toge;her with small (=<0.5- |
1.0 x 1.0 pm) chroococcoid cYanobaéferia may account for a substantial
fraction of the total élanktoﬁ biomass (see Johnéén aﬁd Sieburth 1979)
and‘for a disproportiénately large share of NH,* uptake (Wheeier and
Kirchman 1986). Recentiy, electron microécopié studiesvhavevdocumented

a large variety of femto- (0.02-0.2 pm) and pico- (0.2-2.0 um) sized

‘autbtrophic and heterotrophic plankton in oligotrophié, softﬁater”lakes

(Stockner and Klut 1988; Stockner and Shortreed 1989). . The ecology of
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these extremely small organisms 'is lvir,t;ually unknown, .l‘o,utv they may
contribute significantly to Dbiological n‘itrogen‘ demand in ‘.’some
ecosystems, Furthermore, some adsorption of NH,* to surface-active
inqrganic colloids, organic macromolecules and organic colloids probably
occurs in most natural waters (see Pagenkopf 1978; Stumm ;,nd Morgan 1981; =
Cosovié 1985) . These adsorption reactions afe not'readily accounted for
in ®N-based studies of NH,? upt‘aké by phytoplankton:.

Experimental effects such as NH,,"' édsorpt’ion to coﬁtainer walls,
depletion of substrate, or alterations in the éhysiolégicai activities
of phytoplankton due to changes in abiétic :condi.tions‘ or to handling
stress also may hafre influen'ceci the results of time-course experiments
performed in this study. | Whereas probl_ems related to NH,*/container
adsdrption_ reactions i:'raditibnally havye"im‘rolved glass, rathér than LP_E"
containérs (see DeGobbis 1973; Liddicoat‘:‘ et al. 1975) ’.and probably ﬁavé
been exaggerated (see_ Dugdaie and Wilkerson 1986), artifacts resulting
from NH/* depleti’oﬁ have been' demonstrated convincingly in "many studies
of NH,* utiliiation by nitrogeﬂ-deficient algal a'ssemﬁlages.?(reviewed by
Fishef et a].. 1981; Dugdale a_nd Wilkerson 1986;‘ ‘see also Goldinén et al.’
1981). 1Im genefal, an initial period .of rapidly‘declining PNH4+ ‘fo,llo,wed. -
by a period of approximately constapt PNH4+ has been interpreted as
evidence of sufge uptake rathef than as a manifestation of substrate -
depletion (Goldman et al. 1981; Ha‘rri'son”19.83a; ecf., :Priscu 1987).
Although no leveling off of NH,* uptake was observed in one of the time-
course experiments performed :"Ln this ‘stu‘dy (see 26 June 1987 entry,
Figure 20), the duration of this experiment -may‘ havé been insufficient

to detect such a trend. A leveling off of ‘P, was evident on 25 September
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1987 despite a clon,tinued decrease in NH,* concentration; conVersely,-‘ a
slight decrease in P, occurred on 18'J1.‘tly 1987 despite a relatively
constant NH,* concentration. Furthermore, in none of the field time-

course experiments did NH," concentrations decline below presumably

saturating substrate levels (i.e., 2 K,; see tables 11 iand‘ '13-1'6,,.

Chapter 4). Hence, it appeared that the time-course patterns of NH,*

uptake observed in this study were little affected by substrate

depletion. -
Because time-course experiments were conducted at the water surface,

they undoubtedly involved somewhat different temperature and light

conditions than those to which phytoplankton collected from a depth -

of 2 m were accustomed. However, the experimental temp‘érature was
consistently within 1°‘C‘\of the temperanture‘ at 2 ‘m, and the use  o,f neutral
density screening redﬁced ambienf irradiance to a level comparable to
that at- 2 ﬁl. (This contention is based on thé general relation
ZE = -(2.31 Invy)Zg, Vhere Z, refers to ‘the e‘xperimental depth, Zg to the

Secchi depth, and v to the fraction of incident light pﬂenetrating to the

experiinental depth; see Preisendorfer 1986, pg 925. Applying this .-

- relationship to-the present study, the“estiniat_:ed pércentage of .surface -

‘irradiance penetrating to a depth of 2 m ranged from 36% during the

26 June 1987 time-course experiment.to 52% on the 25 September 1987 time-

course experiment.l)‘ Other experimental effects (e.g., changes in the
spectral qualitigs of light, changes in the grazing activities of
- zooplankton, handlj;ng stress) also may have influené:éd the absolute rates
e‘md time-course patterns of NH,,*'uptake,‘ but their quantification‘ was lnot

within the scope of this study.

i,
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Limitations of Nutrient Regeneration Models. Implicit in the

Blackburn/Caperon model for the calculation of NH,* regeneration rates

from “N-tracer data (equation 8, Chapter 3) is that (1) regenerative
fluxes of NH,* are constant between successive sampling points in an
experimental time series and (2) regenefation of “N-labeled NH," does not

occur. The first assumption is violated in many “N-tracer studies (cf.,

-}

Harrison and Harris 1986; figures‘ 20 and 23, this report), and in '

practice, changes in r are minimized by collecting data (R,‘ §5) at closely

spaced time intervals. However, the accuracy of r (and u) is directly .

related to the uncertainty in the ratio R,:R,, and compromises must be

made between very brief incubations, in which artifacts associated with

temporal changes in r are unlikely, and longer -incubations, in which

. significant chaﬁges in R are assured (see Laws 1984). The validity of

assumption (2), above, 1is in doubt in any time series experiment

demonstrating a significant decline in regeneration activity. Such a

decline might reflect a gradual buildup of “N in the regenerated NH,* _

pool, a genuine biological effect, or a combination of these factors.

Although it is not possible to clearly _distinguish between these

possibilities ex ‘post facto; an abrupt leveling off of R and p at nearly

the same N atom-% enrichment would suggest that an equilibrium had been

attained between “NH," consumption and production processes.
In the present study, an apparent equilibration between R and p was

approached toward the end of the 26 September 1987 labofatory time-course

experiment (Figure 23, control treatment; note that R, = R = 42% and

Po = p. = 31% after approximately 11 hr). This phenomenon was not

observed in the field time-course experiment conducted one day earlier,
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pPresumably because.'regeneration a‘c-ti\.rity (i.e., algal nutrient turnover)
was less rapid than under laboratlory conditions (cf., figures 20 and 23,
tables 16 and 22; note that r,, = rg, x 6, whereas V,, = V,,). Indeed, no

indication of an equilibration between p and R was observed in any of the

field time-course experiments, including those wherein an initial reduc-

tion in r was observed (see 26 June and 2 .September entries,‘ Figure 20).
Similar reductions in ammonification rate have been documented in
previous laboratory studies emp_loying conventional (nonisotopic) chemical
methods; heﬁce_, they cannot automatically be regarded as artifacts of “N-
tracer techniques. Ikeda (1977) attributed high initial rates of GONH,*
release by zooplankton in his experiments to handling stress. Other
factors influencing NH,* regeneration rates in prévious studies have
included comparatively large changes in temperature (e.g., Caron et al.
1986) and in food availability (Mayzaud 1976; Gardner and Scavia 1981).
Because neither of the latter factors were deemed deécriptive of the
field experimental conditions in the present study, the observed initial
enhancements (i.e., rapid reductions) in heterotrophic¢c regeneration
activity (26 June and 2 September 1987 field experiments) were attributed

primarily to sample collection and handling.

Influence of Substrate Enrichment on r:P_and u:r Ratios. Direct

comparisons of NH,* regenerative and assimilative fluxes under

ambient nutrient conditions often require that the experimenté.lly'

determined values for PNH4+ be corrected for substrate enrichment.
The Michaelis/Menten model (equation 5, Chapter 3) traditionally has

been employed for this purpose, even though its ai)plication to
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nutrient-limited algal‘assemblages presupposes that all species present
possess equal‘affinities for the nutrient‘iﬁ question or, altetnatively,
that the dominant taxa have similar K, values, fhereby approximating
nutrient utilization by a unialgal population (Dugdale 1967). The
robustness of the Michaelis/Menten model with regard to these assumptions
and its general wvalidity in‘invéstigatiqns of nutriént uptake by natural
.algal assemblages has been substantiated both empirically (reviewed by
Dugdale 1975) and via computer,simulation (Williams 1973).

Iﬁ the present study, corrections based on .the Michaelis/Menten
model increased the average r:P, ratio in field time-course experiments
from 1.5 to 5.5 (these figures are based on fluxes calculated over entire
incubation periods and do not reflect the data from 18 July 1987, when
no regeneration activity was detected). Average u:r ratios decreased
from 2.3 to 0.6 uﬁon compensafing‘for the effects of substrate enfichment
(an average P.u:r ratio of 1:3.3:5.5, assuming that the correction
coefficients applied to P, pertained equally well to u).  Similar
discrepancies betweenlmeasured rates of NHj'regeneraﬁion and NH;* uptake
have been reported by many previous researchers (Alexander 1970; Harrison
1978; Liao and Lean‘l978; Axler et al. 1981; Glibert 1982, aé reported
by Laws 1984; Harrison et al; 1983; Lipschultz et al. 1986; Kokkinakis
and Wheeler 1987). Several of these investigators assumgd that seston
‘”N incorporation was the most direct and, therefore, the least ambiguous
indicator of NH,* uptake; however, -Laws (1984) acknowledged problems
related to “N-labeled DON release by algaé and to the loss of extremely
small cells during filtration and suggested that u, rather than P, was

the most reliable indicator of NH,* uptake by phytoplankton.
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Despite the limitations of the mathematical models arird.exp‘erimental
methods used in the present study, and despite the ambiguities in NH,*
production and consumi:tion data ar:_'.si_ng‘ ‘the;refrom, the _tendeflcy for
nitrogen remineralizatioﬁ rates (calculated as r) to équél or exceed NH,*
uptake rates (calculated as u or P. and correcte_d for substrate

enrichment) suggested that regenerated NH,* constituted an important

nutrient resource in Snowbank Lake.  The efficiency with which the

phytoplankton community utilized this resource during the 1986-87 open-

‘water seasons is considered in the following section.

'Coupling of NH* Regenerative and

Assimilative Fluxes
Although ammonification processes comprise a major source of
assimilatable nitrogen in many. marine and freshwater ecosystems, the

efficiency with which phytoplankton utilize regenerated NH,* remains a

- matter of speculation. Presumably, some fraction of the NH," produced via

heterotrophic metabolism is advectively displaced from the site of

production; other fractions may be assimilated or oxidized by hetero-

trophic bacteria or involved in abiotic adsorption reactions, thereby:

detracting from the efficiency of the NH,* recycling process. Despite

these 1losses, empirical evidence ‘'suggests. that a close spatial and

temporal coupling exists between the heterotrophic production and the

autotrophic utilization of NH,* in nitrogen-limited waters. Laboratory.
‘studies have confirmed that zooplankton produce minute nutrient patches
and that nutrient-limited phytoplankton  benefit from random encounters

. with such patches (Lehman and Scavia 1982). Also, surgé uptake capabili-

ties evident in nitrogen-starved algal cultures and in nitrogen-deficient
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algal assemblages suggest that much of the NH,* contained within nufrient
patches can be taken up by phytoplankton in a lﬁatter of. minutes or less
(e.g., McCarthy and Goldman 1979; Suttle and Harrisoﬁ 1988c). Simill,ar‘
considerations have led McCarthy and Goldman (1979) to conclude that

"Variability in the small-scale temporal and spatial patterns

in nitrogenous nutrient supply, coupled with an énhanced uptake

capability for nitrogenous nutrients induced by nitrogen

limitation, make it possible (in some cases) for phytoplankton

to maintain nearly maximum rates of growth at media concentra-

tions that cannot be quantified with existing analytical ~/

techniques." ' -

In the present study, temforal relationships between NH,* regenera-
tion rates and NH,* upfake rates provided considerab'-lé- insight into the
ecological importance of regénerated nitrogen in Snowbank Lake. Recall
that regenerative and assimilative fluxes of NH,* closely paralleled each
othér during the 1987 ice-free season (Figure 21), whereas no significant
relationships were evident between NH,* uptaice rates and measureci NH,*
concentrations (cf., tables 6 and 11). Hence, fluctuations in algal
utilization of NH,” apparently were as*soci.ated more with the production
of nutrient microzones than .with c‘hangeé in analytically detectable
(background) ﬁutrient levels. The strong éorrelation noted between V -_
and r (Pearson r = 0.95" P < 0.05) indicated fhét_ the capacity .for rapid
NH,* uptake by phytoplankton was greatest; during periods of intense
regeneration activity. ‘ Interes;tingly_, the lowest values for V_, (0.0086
hr?') and K, (0.1889 pM> were recorded on‘ 18 ;Tul’y 1987; when regeneration
activity was negligible and the background NH,* concentration had attained
a seasonal high of 0.16 uM. Given that this concentration approéched.the |

experimentally determined half-saturation level, it appeared that much

of the NH,* taken up by phytoplankton on this date was derived from the
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background NH,* pool. Moreover, the low V_, value sugges..ted that the

~ phytoplankton community did not maintain a physiological capacity for

rapid NH,* uptake in the absence of significant regeneration activity, an
interpretation which was supported by the results of the 18 July time-
course experiment (see Figure 20).

It cciuld be argued that the coupling of NH,* regeneration and uptake
rates observed from June through September 1987 was primarily an artifact
of bottle confinement. That is, water samples (incubated in tightly
sealed containers; at the lake surface) might ha\lré undergone less vigorous
physical mixing than was typic-al of the lake water column, thereby
prolonging the existenc;a of individual nutrient patches and increasil'ng
algal access to regenerated NH,*. Although this possibility could not be
ruled out entirely, the routine mixiin_g 6f samples prior to the collection
of sulb.samp'les for ahalytical determi;iations (Chapter 3). and the genﬁle,
wind- induce_d movement of samples during incubations presﬁmably precluded
the developﬁent of unrealistically he,tei:ogeneous sample environments.
Another conc.:ern was the representativeness of biological assemblages
within the incubation bottles. Because inany,metazoan zodplankton and
various flagellated algae engage in diel ver‘tical migrations extending
many meters (reviewed by Wetzel 1983; s"ee” also Sommer and Gliwicz 1986),
the physiological activities of heteroi:rophic and autotrophic spe.cimens
collected from an ‘al.:bitrary .dep‘t.h and time of day may not have reflecvtled
activities occurring on a whole;lake 24-hr basis. Given the. relatively
shallow, well mixed and well illuminated character of Snowbank Lake,
however, the biological representativeness of the experimental '.depth

(2 m) was probably greater than would have been true in the deeper, more
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complétely‘stratified, an&/or less transparent lakes traditioﬁally‘chosen ‘
for ®N tracer studies (cf., Alexander 1970; Liao and Lean 1978: Axlef-
et al. 1981; Takahashi énd Saijo 1981; Jellison and Melack 1986).

The onset of dawn or dusk had no discernable influence on rates of

NH," regeneration or uptake in this study (Figure 20). In'éontrast,\diel‘

periodicitieS in regenerétive and assimiiative.flﬁxes of F&L; have been
reported by several researchers. McCarthy et al. (1982), Priscu (i98ﬁ)
andﬁMiyazaki et alf (1987) reported that NH," uptake by lake phytoplanktonj‘
was most rapid during dgylight hours, pre5umaﬁiy due to the immediate
cellular availability of‘both photosynthetically genefated ATP (required

for active uptake of NH,*; see Influence of pH on Nitrogen Uptake: A

- Preliminary Biochemical Model, this chapter) and photosynthetically
derived carbon skeletons capable of accepting reduced nitrogén'(éee_

‘Miyazaki et al. 1985); conversely, Caperon et al. (1979) and Glibert

(1982) fepdrted that NH,* regeneration rates in\COastal and‘opeﬁ oceanic
surface waters were greatest at night,‘coinciding with the activé grazing
periods of suspension-feeding zooplankton (cf., Wetzel 1983). In the

euphotic watérs of’many.équatic ecosystems, thérefore,'NHj'production and
consumption processes may be out of phase by several hours rathef‘tﬁan

closely coupled in time. Interestingly, the apparent nonperiodic nature

of NH,* production in Snowbank Lake suggested that the physiological

activities of zooplankton (at least those collected from a depth of 2 m

during daylight) were not regulated strongly by irradiance levels or by

-endogenous rhythms (the relatively large errors associated with the

regeneration data may have masked the effects of such influences; see

tables 13-16 and Figure 20). More importantly, the absence of diurnal
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periodicities in NH,* uptake may have reflected  the nitrogen-deficient
status of Snowbank Lake. Berman et al. (1984) noted 3- to 4-fold diurnal
variations in;NHj'up?ake in Lake Kinneret (Israel) during seasons of high
NH,* availability (early November through late January: 17-18 pug-atoms
N liter?), whereas no periodicity in uptake was detected during seasons
of extremely low NH,* availability (late Maréh:.<l pg-atom N liter?).
Based dn a review of laboratory findings, 'Raven (1980) concluded
". . . any energetic advantage (to algae) of assimilating nitrogen in
light is sacrificed to the’ need to assimilate nitrogen as fast as
possible when it is growth limiting." This éonclusion would appeaf to
be applicable to the environmentgl conditions in Snowbank Lake.

Thus far, this discussion has not addressed the possibility of

sediment/water-column nutrient exchanges in Snowbank Lake. However, the

magnitude of such exchanges may have been substanfial giVeﬁ (1) the large

area of the sediment/water interface relativé to the lake.water vo;ume
(Table 1), (2) the freely-mixing character of the lake (i.e., the general
absence of Water-célumn .thermo-density gradients and diffusional
constraints on sediment/déép &ater/shallow water‘nutrient;transfefs; see

Figure 5), and (3) the luxuriant growths of epilithic diatoms and

) I

fiiamentous green algae, which may have placed considerable demands on .

water-column nutrient resources (see Chapter 2). In previous studies‘of
sediment/water-column nutrient exchanges in freshwater lakes, bidgeo-
chemical processes in 'sediments have variously constituted net sources
or net sinks for water-column NH," or, alternatively, they have made
little net contribution to water-column NH,* dynamics (see ‘Mortimer

1940/41; Kuznetsov 1968; Keeney 1973; Isirimah et al. 1976; Axler et al.
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1984). In the absence of empirical data on sediment NH,* fluxeé;

speculation as to which of these possibilities was most descriptive of

Snowbank Lake would be superfluous.' SuffiCe it to say that some degree

of spatial disequilibrium between the regeneration and the uptake of NH,*

was 1likely in Snowbank Lake, owing to the exchange of this nutrient .

between‘water-column and sediment biological.communities{

Water-Column NH,* Dynamics in Snowbank Lake:
A Preliminary Conceptual Model :

| )

For over two decades, the conceptual model,of'Dugdale and Goering

(1967) has shaped our perception of. the factors reguiating primary .

production in the world’s oceans (see Chapter 1). More recently, this

model has provided a valuable interpretive framework for the study of

nitrogen Cyciing?in closed (or sea§ona11y ciosed).nitrogenAIimited lakes -

(éee Axler et al. 1951, 1982). Snowbankvtake‘differs from such ecosys-
tems in that both allochthonously supplied NO; and internally regeherated
NH;* régularly constitute «majér‘ form;nrof ‘assimilétable nitrogen
(Téblé.lZ).' Hence, any'realistié assesémentjdﬁ the factors'regulatiné
algal productivity in Snowbank lake must consider the availability and
utilization of both NH," and NO,; and acknowiédge the advectively dominatgd
charaéter of this'ecosystem.v\ o |

Figure 33 depicts a highly simplifiedICOnceptuai_@odel of nitrogen
supply and demand in Snowbank lake. This model is based on the following
assuﬁptiqns: (l),discrepanciesvbétweeh adveétive additions of dissolved
inorganic nitfogép (DIN) to the water éoluﬁn'and édvectivelénd'sedimenta-
tion loéses of total nitrogen‘frdm the water column.repreéent changes

(increases or decreases) in plankton biomass (i.e., mnon-detrital
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Figure 33. schematic representation of nitrogen supply and demand in Snowbank Lake. See text for
details.
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particulate ni?:rogén); (2) most of the nitrogen assimilated 'by, '

phytoplankton is derived either from advectivély supplied‘ NO, or from
microzones of regenerated NH,"; (3) a close spatial and temporal coupling

exists between the heterotrophic production  and the‘.-au‘to'trophic

utilization of NH,*; (4) the release or "leakage" of NH,* from the

regenerative/assimilative cycle compensates for any uptake of NH,*" from

the background nutrient pool; and (5) nitri‘fication‘, denitrification and

nitrogen-fixation processes, abiotic adsorption reactions, organic

nitrogen inputs, and exchanges of DIN and organic nitrogen between the

water column and the sediments may bé,ignored for simplicity's sak.e'

without detracting from the general validity of assumptions 1-4, above.

Assumption ‘(1:) is justifiab_lé from the stahdpoint of mass balance;

however, time lags of varying duration obviously would accompany any

equilibration between nitrogen additions to and nitrogen losses from the

water .column.  Assumptions (2) and (3) are supported by. empirical

evidence collected during the 1986-87 open-water periods (comsidered

previously). Assumption (4) conveniently accounté for the - observed-

stability of the background NH,* concentration; however, interactions

between the abiotic and biotic fa‘.cto.r-s‘mentionedr 1n (5), abdv,e, also
undoubtedly contribute to this styability.

A co’ncluéio’n that logically ‘foilows from this model 1s that. any
change in the availability of NO, or rlegénerated NH*, or, alternatively,

any fluctuation in the efficiency with which the algal community utilizes

these nutrients, would induce -a corresponding change in phytoplankton .

primary production during seasons of nitrogen limitation. Perturbations
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which could 'alte;: DIN supply and demand in Snowbank Lake and affect thel

productivity of this water body are considered in the following sections.

Trophic Interactions of Importance in Planktonic: Nitrogen Cycling

Thus far, nutrient cycling processes in Snowbank Lake have been

alluded to as relatively simple, two-way material 'transfers between

heterotrophic and autotrophic components of the ‘plankton cnmmunity.
Actual pathways of nitrogenous nutrient flow and transformation in
Snowbank Lake are probably far ino“re ‘o;om‘plex, howéver, ‘_espeéially givén
the biological diversity of this ecosystgni (see appendii:) and the high
degree of nutritional interaction _commo‘n“amongl‘ components of aquétic food

webs (Lindeman -1942; Azam et al. 1983). A lhore detailed understanding

of nitrogen cycling processes in Snowbank Lake may be‘-'_gained by identify-

ing the specific groups of organisms most active in NH* regeneration and
uptake and by ascertaining the major nutritional/energetic relationships
existing among such groups. This section considers (1) the importance

of micro- and nanozooplankton and heterotrophic bacterioplankton as

. agents of NH,* regeneration and as trophic links between theé aqueous

nutrient pool and the metazoan AZOdp:lankton community, (2). the importance
of crustacean and rotiferan zooplankton as sources of regenerated
nitrogen and as’re-gula‘tors of microbial regeneration activity, (3) the,
extent to Whicn DIN resources are‘ par.;titi:on;ad among the phyto'plankton.

community, and (4) the ecological 'impl_i.cations of NH,* uptake by hetero-

trophic bacterioplankton. Conclusions reached in.this section permit the .

construction of a revised, more detailed model of nitrogen supply and’

" demand in Snowbank Lake.
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M'-icrobial Agents of NH* Regeneration‘

Less than two decades ago, nutrieﬁt regeneration in aquatic
ecosystems was attributed primarily to the decompositional aéti\(ities of
saprophytic organisms such as fungi and hete‘r‘otrophic bacte];ia (reviewed
"by Wetzel 1983). These "decomposers" Seidom were considered in” early
studies of aqﬁatic food webs, which focused instead on the trophic
pathway extending ffom phytoplankton through metazoan =zooplankton -tov
larger consuﬁers such as fish. In recent years, it has become increas-
ingly evident that bacteria figure promiﬁently in the nutrition of many
protistan and metazoan consumers (discussed below) and that many
eucaryotic consumers contribute significantly to nutrient regenerative
fluxes in marine and freshwater ecosystems (see Metazoan Agénts of NH/}

Regeneration, this chapter); that is, organisms active in NH,* regenera-

tion are often important components of planktonic food webs, and factors .

affecting the transfer of energy and organic materials among these

components can influence both the magnitude of water-column regenerative

fluxes and the efficiency of the limnetic nitrogen cycle. It is’

therefore difficult to discuss the organisms responsible for NH,*

regeneration in a nonsuperficial manner without first considering the
trophic dynamics of planktonic communities.
Recall from the previous subsection that phytoplankton may exude

large quantities of dissolved organic matter (DOM) and largely support

bacte‘rioplankton‘ secondary production in many aquatic ecosystems (see

Pomeroy 1974, 1984; Fogg 1977; Aaronson 1978; Williams 1981, 1984; cf.,
Sverdrup et al. 1942, pg 885). Traditionally, DOM availability has been

deemed the principal determinant of bacterioplankton secondary
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production; however, recent studies suggest that bacterivory may be a far

more important regulator of bacterioplankton biomass and productivity in -

many aquatic ecosystems (e.g., Scavia and Laird 1987). Moreover,

bacterial growth rates and grazing losses may be tightly coupled,

implying that biomass produced by bacteria i§ passéd rapidly to higher ‘

trophic levels (Scavia et al. 1986b). Azam et al. (1983) considered
heterotrophic nanoflagellates to be the principal bacterivores in“pelagic

waters and coined the term "microbial loop" to designate the transfer of

energy and nutrients contained in algal exudates through bacterioplankton

and nanoflagellates to higher consumers (i.e., to the conventional
planktonic food chain; see also Turner 1984; Fenchel 1986; Rassoulzadegan
and Sheldon 1986; Sheldon et al. 1986; Sherr et al. 1986a,b; Stocknér and

‘Antia 1986). Recent evidence also points to the potential importance of

chlorophyll-containing mixotrophic flagellates‘(Estep et al. 1986; Bird

and Ralff 1987) and crustaéeanfzooplankton (Porter et al.’1983; Knoechel
and Holtby 1986) as bacterivores in both marine and freshwater environ-
ments. Furthefmore, many mixotrophic and heterotrophic protistans
undoubtedly compete directly with heterotrophic bacteria for algal
organic exudates, as suggested by Hentschel (1936) 6ver.half a ceptury
ago and subsequently confirmed by Vincent and Goldman (1980) and others.

The assimilation of large quantities of nitrogen-containing organic

material by heterotrophic bacteria seemingly would favor their role as

agents of NH,* regeneration in natural waters. However, Goldman et al.
(1987) have shown that the efficiency with which bacteria regenerate NH,*
is influenced strongly by the nitrogen content of available organic

substrates. In laboratory experiments involving marine bacterioplankton
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assemblages maintained in an exponential state of growth, régeneration
efficiencies wvaried from approximately zero percent when substrate
carbon:nitrogen ratios were 10:1 up to 86% when carbon:nitrogen ratios
equaled‘ 1.5:1. Notiﬁg that carbohydrates‘ were frequently the major
carbon sources available to bacterioplankton, Goldman et al. concluded
that substrate carbon:nitfogén ratios often exceeded 10:1 in nature and
that actively growing bacteria were inefficient remingralizers of
nitrogen in many aquatic ecosyst‘ems (ef., Johammes 1964, 1965; Fenchel
and Blackburn 1979; Mann 1982; Billen 1984). This contention was
supported by the results of metabolic inhibitor experiments performed by
Wheeier and Kirchman (1986) in which NH,* regeﬁeratidn rates in marine
waters were correlated with eucaryotic rather than procaryotic activity.

Given that.microbial biota less than 20-35 pm in siz.e purportedly
account for the bulk of the nitrogen remineralization activity in many

marine and freshwater ecosystems (e.g., Glibert 1982; Harrison et al.

1983; Park et al. 1986) and that bacterioplankton contribute little to-
this activity in many instances (discussed above), micro- and nanoplank-

tonic protistans appear to be major participants in aquatic NH*

regeneration and nitrogen cycling. This view has been corroborated
experimentally by Goldman and Caron (1985), ‘who found that rates of NH,*
regeﬁeration were negligible in nivtrogen—limited laboratory cultures
containing only phytoplankton, only bacteria, or both phytoplankton and
. bacteria, whereas the addithiop of the phagotrophic mar‘ir.’le flagellate
Paréphysomonés imperforata (Lucas) stimulated rapid regeneration of NH,*
in all cultures. The widesprea'd‘ presence of similar bacterivprous,

planktonic flagellates in freshwater ecosystems has been acknowledged
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only recently (e.g., Kalff_and Watson 1986; Bird and Kalff 1987; Dokulil

1988; Rott 1988; Salonen'and Jokinen 1988). Kalff and Watson (1986)

notea tﬁat phagotrophic chrysomonads achieved gfeatest abundance in
oligotrophic lakes aﬁd argued that the imﬁact of bacterivory on energy
flow’and‘nutriené cycliﬁg was greatest in such eéosystems. Bird and
Kalff (1987) found that_30% of the "phytoplankton cells" (i%e.,'the

mixotrophic "algal".or protistan component of the autotrophic community)

in an oligotrophic Canadian Shield lake engaged in phagotrophy. These

organisms, rather thén the less‘numérous metazoan'iooplankton,'were
reportedly the major planktonic badterivores in the lake.

Results.from fhe metabolic inhibitor'ekperimentshperformed-in this
study suggested that procaryoées made little direct contributién to NH{
‘regeneration rates in Snowbank Lake (Figuté 18). Thé absence of any

detectable regeneration activity in the <l-um size fraction'likewise

suggested that bacterioplankton were not important sources of NH,* in this

ecosystem. Instead, NH,* regeneration by the microbial (<63-um) community .

appeared to be associatéd primarily.with‘eucaryotic biota. Sevéral taxa
of mixotrophic and heterotrophic protistans‘were preseﬁt in Snowbank Lake
during the 1986<87 ice-free seasons and likely were responsible for much
of the measured regeneration activity (Table 25; cf., Ishida and Kimura
1986; Bird and Kalff 1987). Phagotrbphic forms included the hetero-
trophic chrysomonads Chromulina pascheri and Chrysococcus sp., the
 mixotrophic chrysomona&é Diﬁobryon sertularia and Ochromonas sp. and the
mixotrophic cryptomonad Cryptomonas sp. Previous studies have shown that
at least some of the mixotrophic forms depend heavily on bacterivofy as

an ehergetic supplement to photosynthesis. For example,'Bird and Kalff
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Table 25. Flagellates potentially active in NH,* regeneration in Snowbank

Lake. - :

Chromulina pascheri Hofeneeder Mallomonas sp. #3

Chrysococcus' sp. Ochromonas (Chloro¢hromonas) Sp.
Cryptomonas sp. Rhizochrysis limnetica G.M. Smith

Dinobryon sertularia Ehrenberg " Rhodomonas lacustris Pascher et

Ruttner
Mallomonas sp. #1 ‘ Synﬁra uvella Ehrenberg

Mallomonas sp. #2 o Synuré sp. #2

(1987) reported thatgphagocytotic consump;ion:of bacteridflankton ﬁy
Dinobfyon sp. proceeded at a similar raté both day ‘and night and
accounted for at least 50% 6f‘the‘carbon assimilated by this organism.
in a study of flégellate/bacteriqpianktpﬁ‘graZing‘interactions in.a
dystrophic Finnish 1lake, Salonen and Jokinen (1988) repofted. that
Ochromonas sp. and Chromulina SpP . ingested tﬁe equivalent of 75-203% of
their body carbon mass:per.day by bacteriﬁory.‘iinterestingly;vAaronséﬁ

and Baker (1959) found that Ochromonas,\a‘genus capable of phototrophy,

heterotrophy and phagotrophy, was most actively phagotrophic under -

conditions of nutrient deficiency, suggesting that the need to procure

nitrogen and phosphorus (in addition to enérgy) provided a major impetus
for algai bacterivory.

The degree to which nonphagotrophic,‘mixotrophic flagellates (e.g..

Rhizochrysis, Rhodomonas, Synura) rely on algal exudates in oligotrophic

aquatic. enviromments is not well known. Although competition with

bacterioplankton for‘ organic substrates is ' undoubtedly  intense,

1l
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heterotrophy probably piays some role in the nutrition of these organisms
(see Vincent and Goldman 1980). The presence of apochlorotic nonphago-
trophic protoéoans such as Mallomonas in Snowbank Lake lends credence to
the claim that some eucaryotic heterotrophs can compete successfully with
bacteria for nitrogen containing exudates, >It is likely that a fraétion
of the NH,* produced via microbial metabolism in Snowbank Lake is

generated by these nonbacterivorous forms.

Metazoan Agents of NH,* Regeneration

Metazoan zooplankton constitute major .sources of regenerated NH,* in
many marine and inland waters (Harris 1959; "Bidigare et al. 1982;

Harrison et al. 1983; Jellison and Melack 1986; Park et al. 1986; King

et al. 1987). Moreover, small quantities of free amino acids and other

organic compounds are released by actively growing zooplankton (Gardrier
and Miller 1981) and conceivably play‘a role in the nutrition of the
microBial heterotrophic community. Zooplankton also contribute
-indirectly to aquatic nutrient supply and demand through the regulation
of prey abundance, community composition and nutrient‘cycling activity;
Many filter-feeding forms (e.g., Daphnia, Oikopleura) consume a diverse
array of.organisms, including algae, bacteria, protozoans, and small
metazoans, whereas predation by larger formé (e.g., Chaoborus, Sagitta)
is often highly selective (see Sverdrup et al. 1942; Porter 1973, 1983;
Williams 1980; Alldredge 1984; Burns and Giibért‘1986a,b; Knoechel and
Holtby 1986; Turner et al. 1988). Prey populations may be maintained at
relatively low levels during periods of intense grazing activity,

thereby reducing interspecific competition for nutrient resources and
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precluding the competitive exclusion of less vigorous prey speéies

(Porter 1973; McCauley and Briand 1979). Alternatively, selective

feeding by zooplankton may‘lead to the exfirpation of the more vulnerable

prey species and to a concomitant increase in the abundance of .less

edible and/or more elusive forms (Brooks and Dodson 1965; Hall et al.

1976; and many‘others). Such influences on prey abundance and dommunity

composition undoubtedly contribute to the overall pattern of nutrient

exchangé and energy flow in aquatic ecosystems.

| Size-fractionation experiments performed in the preéént‘ study
demonstrated that_‘ZOQplanktén larger than 63 um ‘imposéd strong
‘constraints on microbial remineralization activity in Snowbank Léke
(figures 19 and 22). These Yresults were consistent with previous
research which has shown that both‘nanOm,and microprot6z6oplanktoﬁ‘méy
be consumed by metazqoplankton (Porter et,al.-1985; Turner et al. 1988)

and that protozoan abundance and remineralization activity in lakes may

be regulated by predation. rather than by resource avaiiability (see

Hamilton and Taylor 1987). More importantly, total community‘regenér-
ation consistently ‘increased following the -elimination of the larger
fauna (Figure 22), suggesting that a decline in metazooplankton abundance

in Snowbank Lake would effectively enhance NH," production, at least over

the short term. These results supported Henry's (1985) contention that:

"The introduction of a size selective planktivore to a lake
may, in addition to influencing zooplankton community struc-
ture, have a large scale ecosystem impact mediated. through
alterations in nutrient dynamics. (Specifically) . . . higher
trophic level interactions, such as size selective predation,
may have a significant impact upon nutrient regeneration rates
and, hence, primary production.” o
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Because nitrogen phosphorus regeneratlve ratios are grazer speciflc
(Ikeda 1977), zooplankton community composition may influence not only
the rate of nutrient cycling, but also the form of nutrient limitation
imposed on phytoplankton growth (seeoLehman'1980, 1984;'Bartell 1981;
Stenson 1982). Iransitions hetween nitrogen,and phosphorus limitation
in lake mesocosm enperiments sometimes accompany ‘major changes in
zooplankton community structure (Elser.et al. 1988). Similar transitions
have resulted from whole-lake experimental manipulations of fish
populations‘or; more precisely, £from the attendant‘effects of these
manipulations on zooplanhton communities (Shaplro and Wright 1984
Carpenter et al. 1987 Carpenter and Kitchell 1988) It is p0551ble that

the initial stocking of Snowbank Lake and. other formerly barren alplne

‘ lakes in the Beartooth Mountalns (Chapter 2) resulted in the e11m1nat10n

of key macrozooplankton taxa (espec1ally large and darkly pigmented -

species.such as Daphnia middendorfiana Fisher; cf,, Brooks‘and Dodson

1965; Walters‘and Vincent 1973), thereby affecting microbial regenera-

tion act1v1t1es and altering nutrient constraints on algal . growth

However, the advectlvely dominated character of Snowbank Lake and the
large d1screpancy between assimilatable phosphorus and - nitrogen
availability in inflowing waters (relatiue to the Redfield ratio; see

Evidence for Nitrogen Limitation of Water-Column Primary Production, this

chapter) may have'prevented any shift in the prevailing form of nutrient -

limitation. (The recent discontinuation of restocking efforts in some

wilderness lakes of the Beartooth Mountains présumably will result in the

gradual disappearance of nonviable fish populations; these losses could

provide an opportunity to monitor, on a natural scale, the changes in
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aquatic nutrient cycling and. primary production which accompé.ny the
reestablishment of larger zooplankton‘ species; see ﬁafcusén 1980a-g.)

Contrary to the impression given abové, regulatory interactions
amongv fish ‘and‘ metazoan zqoplankton are not strictly unilateral. Rather,
the composition of the macrozooplankton 'éommunity, though largély shapéd
by fish predation, may deter‘mine‘ the capacity of the aquatic .ecosystem
. to suppdrt fish and higher trophic components. LCc‘msider the,A.macrozoov-
plaﬁkton communities of two h-ypothertical fre’sﬂwater ecbsystems‘, ‘the first
dominated by Daphnia and the second dominated by Diaptomus. In the first
ecosystem, daphnids consume phy’top-lank’tqn,, protozoané and bacterio-
plankton and are themselves directly consumed 5y ‘fish; hence, the
transfer of energy and nutrients from microbial biota to highér_ trophic
compoﬁénts is re,latiVe‘:ly direct. Diap-tbmus is muc‘hi-less effiéient in its

‘ utilization of bacteria and smaller (pico- and nano-sized) algae and

protistans; in the second ecosystem, therefore, the. transfer of energy =

and nutrients contained in algal ofganic exudates (which may represent
>50% of the algal primary production) proceeds from bacteria through
: nanoflagellates, microflagellates, ciliates and rotifers t6 Diaptomus

and, finally, to fish. Because no trophic transfer is completely

efficient (i.e., nutrients are lost via respiration, remineralizationm, . .

defecation and sedimentation, and energy .is lost as heat along each step
of the trophic pathway) the second ecosystem would be expected to support

less fish production than the first. Interestingly, the importance

ascribed to Daphnia in this hypothetical exémple is ji;‘s‘tified on

the basis of recent research. Riemann (1985) reported thavt‘intense_‘

zooplanktivory markedly reduced populations of large-bodied Daphnia and
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-significantly decreased carbon flow from bacteria to fish in large-scale
enclosure manipulations. Stockner and Shortreed (1985) found that carbon

flow in ultraoligotrophic coastal lakes of British Columbia proceeded

- from picoplankton through profozda and fotifers‘to cdpepodS'and‘charac-

teristically resulted in -small-bodied fish‘populétions and low fish

production. - Contrastingly, the presence of Daphnia ingoligotrophic“

interior lakes of British Columbia was associated with increased carbon

flow, larger fish and higher fish production.

Daphnia generally contribute little to fish prbduction in shallow.

alpine_lakes and ponds. Instead, more plentiful food resources (e.g.,

insecfs, oligochaetes) often support fish populations capable of rapidly

eliminating thése and other macroplankton (Walters'and Vincent 1973).:

Zooplankton are more important prey for fish in larger, deeper alpine
lakes, whergin‘aécess to bepthic organisms is limited and the avail-
ability of emergent aquatic insects is 5porédic (see'Wells 1986). . Within
such lakes, the tendency for macrozooplankton to migrate to deepér, moré
dimly 1lit waters during daylight ﬁrobabiy confers some degfee of
prqtection from fish and other visual predators; in some instancesf this
behavior may preclude the extifpation of the 1arger or more darkly

pigmented zooplankton species (reviewed by Wetzel 1983).. In Snowbank

Lake, the relatively large cladoceran, D. pulex, appears restricted in -

distribution to deeper waters (i.e., collected only in 10-m vertical

tows), whereas the smaller species, D. schodleri and D. rosea, are more

uniformly distributed throughout the water column. (The large-bodied,

darkly pigmented form, D. middendorfiana, though abundant in‘Bafren

alpine lakes of the region, apparently is not present in Snowbank Lake.)
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Although these observations are suggestive of resPonses by large-bodied -

Daphnia to fish predation, the extent to which the resident population

of S. fontinalis is dependent on these'organisms;'and on the microbial

nutrients and energy channeled through them, is uncertain Studies

conducted in nearby 1akes by Wells. (1986) suggest that the copepod D.
' shoshone, whlch is relatively abundant in Snowbank Lake, comprises an

important, perhaps dominant component of the trout diet in the.latter

portion‘of the open water season. ' Thus it is unlikely that daphnlds

: represent the only s1gn1f1cant 11nk'between.p1ankton1c m1croorganlsms and

fish in Snowbank Lake.

Assuming;for a moment that daphnids are primarily responsibleffor'

the regulation of microbial prey qensities and community metabolism in

uSnowbank Lake, and that they providé the principal trophic link between

‘the microbial and fish communities;vthen thehappellation.of‘“kejstone".

genus previously given to Daphnia by Porter et al. (1988) seems appro-

priate to this ecosystem. However, another consideration is involved:

‘the efficient transfer of microbial nutrients through Daphnia to‘higher

trophic components would require that nutrient regenerative fluxes be

correspondingly .low; conversely, less direct and highly inefficient

trophic pathways would tend to maximize nutrient remineralization

activity. From this perspective, a macrozooplankton community dominated

by Daphnia-theoretically would encourage the efficient channeling'of

microbial nutrients to flsh and hlgher trophlc components whereas a-

community dominated by Diaptomus Would promote the regeneratlon of NH,*,
PO and other assimilatable compounds and favor the growth of nutrient-

limited phytoplankton. Future comparisons'of'remineralization activity
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between Daphnia- and Diaptomus-dominated communities could provide
consideréble insight into the regulatibn of nutrient cycling rates in
freshwaﬁer ecosystems.

Thus far, no.attempt has been made to direCtly compare nifrOgen
regeneration rates betwéen the‘meﬁaioan <>63-pm) and miérobiél (sGé-pm)
components of ﬁhe Snowbank Lake planktoﬁ\community. The reason for this
becomes apparent when one considers the‘poténtial stimulatory effect of
size fractionation on microbial reminéralizétion actiﬁity. For example,
the time-course data depicted in Figure.19‘sh6w that NHf'regEneration'by
the isolated (<63-um) gize fractidniincfeased markedly\o&er the course
of a 6.2-hr field incubation, whereas regeneration associated with the
"intact" plankton  community decreased rapidly;towa;ds‘the énd‘of the

experiment. The interpretation of such data is difficult. While it is

tempting to assume that calculations based on the initial time interval

are most representative of in situ metabolic activity, this assumption

ignores the large potential for handling artifacts discussed previously.
Comparisons based on later time intervals are probably less subject to

such artifacts; however, the biological and chemical representativeness

of lake samples progressively diminishes with time, énd such changes in

experimental conditions almost certainly are accompanied by variations

in sample community metabolism (cf., Ikeda 1977; Garon et al. 1986).

Ultimately,; time-series measurements

Figure 19 may providé insight into the changes in regeneration activity

which occur during “N-isotope experiments, but their wusefulness in
quantitative comparisons of NH,* regeneration among size fractions is

questionable.

such as those illustrated in’

L |0, YO
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Comparisons of NH,” regeneration activity among size fractions are
even more prone to misinterpretation when- based on only one time

interval. For ekample, had the experiment considered in Figure 19

involved two sets of measurements, one at the beginning and one at the

end of the .j_ncubation period, perceived differences in remineralization
~activity between sizé fractions would have-de'pended éntifely on the
duration of the experimént (i.e., briefer ihcubations (<1 hr) would
: 'sﬁggest that microbial organisims contribﬁte negligibly and metazoans

overwhelmingly to NH,* production; longer incubations - (>6 hr) would

suggest the converse). Similar ambiguities undoubtedly have affected

the results of previous research. A case in point is the study by

Glibert (1982), in which size-fraétio‘nated, s‘ingle-interval measﬁrements‘

of NH,* regeneration were conducted repeatedly over a one year period in

Vineyard Sound, Masséchusetts . Glibert concluded that "the smallest size ”

fraction was usually the most important in l':emineral‘i.zing‘ NH*." On

closer inspection of her data (specifically, Figure 10A-C, pg 217),

‘however, it is evident that NH,* regeneration by the smaller size-

fractions (<35 pm and <101 pm) often greatly exceeded that of the largest

size fraction (<202 um). These results are similar to those of the
present study (Figure 22) and suggest that the elimination. of grazing
constraints on microbial comniunity metabolism may have stimulated

atypically high rates of nutrient regeneratioﬁ.

Recent ’labo‘ratory and shipboard studies.of nitrogen remineralization -

based ‘on rapid spectrophotometric assays of NAD*-linked glutamate

dehydrogenase activity (see Influence of pH on NH; Regeneration:

Physiological Implications, this chapter) suggest that nano-, micro- and
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macrozooplankton are each important sources of regenerated NH,* in coastal

and open oceanic waters (Park et al. 1986; King et all. 1987) Slmllarly,

Goldman and Caron (1985) have found that the NH,' regeneratlon efficien-

cies of heterotrophic flagellates account for only a fraction of the

overall remineralization efficiency in pelagic ecosystems. They‘conclude
that "to achieve regeneration efficiencies in pelagic¢ surface waters of
80-90%, as is generally believed to occur, reqoires that the microbial
food v;reb be exceedingly complex with a hierarchy of at least several
grazing steps."‘ Based on the re-sults of.' the pre.sent study, it vtould
appear that nutrient remineralization provcesses in oligotrophic alpine
lakes likewise involve a diverse and interacting -array of heterotrophic
forms. |

Partitioning of Nitrogenous Resources
among Phytoplankton

The proportion of phytoplankton species exhibiting nitrogen‘-limited‘
growth inlany aquatic ecosystem would be expected to increase as the

'ava11ab111ty of a551m11atab1e nitrogen declined in- relatlon to the

availability of other potentlally limiting growth factors (see Table 25).

Competition for regenerated NH,” and other‘ nitrogenous . compouods
presumably would intensify under‘ such circumstances. On theoretical
‘grounds,‘ the persistence or perenniality ofvmultiple nitrogen-limited
populatioos would imply that the ecosys’tem in q‘uestior.x‘was maintained in

a state of competitive disequilibrium, wherein fluctuatlng environmental

condltlons precluded or greatly retarded the competltlve exclu51on‘

process (see Levin 1970; Harris 1986). Alternatively, each phytoplankton

population might obtain nitrogen from its own unique source, thereby
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ameliorating resource competition 'within ,the.‘algél community and:

permitting the long-term coexistence of numerous nitrogen-limited taxa.
Several forms of nitrogen resource partitioning conceivably occur in

aquatic ecosystems and could provide an important basis for algal niche

differentiation. In the discussion which follows, chemical partitioning.

refers to the monopolization of a'given nutrient species by a particular
subset of the phytoplankton community; temporal partitioning entails the
noncontemporaneous sharing (e.g., diurnal versus nocturnal utilization)

of a given nutrient compound between two or more algal populations;

spatial partitioning designates nutrient uptake within a particular

region of the water column, accessible only to a select group of
phytoplankton; and kinetic partitioning refers to the effective utiliza-

tion of a given nutrient compound by a given algal taxon only under

specific conditions of nutrient patchiness or within a relatively

restricted nutrient concentration range, outside of which other algal.
taxa would be the principal consumers of the compound. It is argued that

niche differentiation made possible by the simultaneous chemical,

temporal,  spatial and kinetic partitioning of the dissolved nutrient pool’

provides a plausible solution to the - "paradox"™ presented by high
phytoplanktbn_diversity in seemingly isotropic limnetic environments (see
Hutchinson 1961).

That many of the phytopla'nkton taxa present in Snowbank Lake possess

unusual capabilities for nitrogen procurement suggests that resource

partitioning may be an important determinant of al_gal diversity in this

ecosystemn. Regarding chemical partitioning, several species of

. mixotrophic flagellates present in the lake are capable of explo‘itl:ing the
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detrital nitrogen pool to meet, in whole or in part, their nitrogen
nutritional requirements (Table 26).. Similarly, the Fg-fixation-capabil-
ity of the heterocystous cyanophyte, Rivularia sp., may be crucial to its
survival in this nitrogen-deficient ecosystem (cf., Smith 1983). ﬁhereas
some species of Peridinium and Chroococcus afe known to depend nearly
exclusively on NO,-N under certain environmental conditions (Berman et
al. 1984; Pollingher et al. 1988; cf., Proctor 1957; Strosé 1963), some
species of Chlorella, Chlamydomonas and Chrysochromulina are essentially
incapable of NO, uptake in the presence of even low concentrations of NHf
(Ldsada et al. 1970; Herrera et al. 1972; Wehr et al.v1987). Recént
studies suggest that nano- and pico;sized (mostly procaryotic) piankton
routinely discriminate against NO, in favor of NH,*, whereas larger marine
phytoplankton (>20 pm) tend to depend on\Noglas their principal nitro-

genous resource (Malone 1980; Nalewajko and Garside 1983; Probyn 1985;

 Probyn and Painting 1985; Koike et al. 1986; -Wheeler and Kirchman 1986;

Harrison and Wood 1988). The applicability of this generalization to

freshwater ecosystems has not been demonstrated conclusively; however,

it is mnoteworthy that, in the preseht study, NH,* uptake by small,
procaryotic plankton appeared disproportionatéely large in relation to

procaryotic biomass (cf., figures 10 and 18).

That some phytoplankton can take up inorganic nutrients at rates .

exceeding those required for steady-state growth and store them
internally for later use (Goldman and Glibert 1982; Priscu 1987) suggests

that at least some degree of temporal nutrient partitioning is possible

in lacustrine and oceanic ecosystems (i.e., periods of active nutrient

uptake theoretically may vary among phytoplankton populations). The
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extent to which nitrogen is partitioned in this manner has received
little scientific attention.  However; die1 periodicitiés'ih NHf'aﬁd.NOg
uptake observed in mahy lakes.(see Coupling of NHﬁ‘Assimilative.and
Regenerative Fluxes, this‘chapter) sﬁggest that the ability to sequester
inorganic nitrogen at ﬁaximal rates during periédS'of_ﬁarkness mayvbe
cqmparétively rare among algée (see Raven 1989, pgs 69, 1l4l1) and mé§‘5¢
an important deterﬁinant of phytoplankton community.composition under
conditionS‘ﬁf nitrogen limitation. Seasoﬁal or daily‘variations in

water-column stability, temperature, turbidity or- chemistry (e.g., pH;

see Influence of PH on Nitrogen Uptake: A Preliminary Biochemical Model,

this chapter) may impose constraints on inorganic nitrogen utilization

by some algae and may further partition the nitrogen resource. Although

these abiotic factors contribﬁte_markedly to periodicities in N, fixation

by heterocystous cyanophytes. (Carpenter and Price 1976; Howarth et al. .
- 1988; Paerl 1988), their effect on inorganic nitrogen uptake, generally,

_is poorly uﬁderstood.

Many motile algal species engage in diel vertical migrations of

several meters, positioning themselves at depths of optimal nutrient

concentration and/or light intensity. Maximum migrational amplitudes

reported for freshwater algae include 18 m for Volvox sp., Cahora Bassa

Reservoir (Sommer and Gliwicz 1986), 10 m for Peridinium cinctum, Lake
Kinneret (Bérman and Rodhe 1971), 5-7.5 m for ‘Cryptomonas ovata,

Gymnodinium\uberrimum and Mallomonas sp., Finstertaler‘See_(Tilzef 1973),

5 m for Ceratium hirundinella, Esthwaite Water (Talling 1971; Frempong

1984) and 5 m for Peridinium penardii, Lake Berye$sa'(Sib1ey et al.-

1974) . Such migrational dapabilities‘ suggest that the nutrients
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occurring in deeper (6-11 m) regions in Snowbank lake are readily

Ll __t!

accessible to the ecosystem’s flagellated algal community. Periodic

excursions by Peridinium cinctum into these waters (which occasionally
- exhibit somewhat higher nutrient concentrations than do shallower waters;

see Figure 6) may explain the seasonal‘dominancé of this dinoflagellate

(Figure 10) despite the low specific uptaké rates for both NH,* and NO,

previously ascribed to the species (see Sherr et al. 1982; Berman et al.

. 1984) . .Similgrly, the ability of Volvox‘tertigs to access regions of
élevated nutfient concentratioﬁs within th; Wa;er‘columﬁ.may account for:
the presence of this purporfedly’poor nitrogen competitor (Smith 1950)
in Snowbank Lake. The migfafibnal éapabilities'of many of the smaller

flagellated algae in Snowbank Lake (e.g,,‘ Rhodomonaé, Cryptomonas,

Mallomonas, Chromilina) likewise may contribute to the survival of these

orgéniSms by‘permitting them pefiodic access to thé nutrientsxcohtained
in deeper waters and surficial sediments (ef., Tilzer 1973;VSOmmer 1982;
Dokulil 1988).

| In fhe past decade, several researchers have argued that thé small-
scale spatial and temporal distfibution (i;é., patchiness) of regenerated
nutrients poféntially influencgs‘phe outcome‘bf‘coﬁpétitive interactions
among algée. Tu£pin‘aﬁd Harrison (1980) Were.aﬁbng the first #o report
- that specigs succession in nitrogen-limited algal -cultures could be
manipulated via the“frequency of Nﬁj’ 5ddifion ‘(continudﬁé versus

 periodic). Moreover, these researchers demonstrated that the frequency

of nutrient addition also could affect the size‘distribution‘of.algal

communities, with less frequent pulses of high concentration selecting

for larger cells (cf., Scavia et al. 1984; Suttle et al. 1988).
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Turpin et al. (1981) developed a theoretlcal model for explorlng the

effects of limiting nutrlent patchlness on phytoplankton growth and..

demonstrated, via computer simulation, that "the degree of patchiness in

the environment can affect individual growth rates and thus alter

~ community structure even though there is no change in the average ambient

nutrient concentration.” Sommer (1985) conducted a comprehensive

laboratory investigation of nutrient competition among Lake Constance

phytoplankton and concluded that algae could be .grouped into three

categories based on their utilization of nutrient -‘resoufce‘s; (1)

"affinity specialists" were deemed capable of effectiveiy utilizing low

background concentrations of limiting nutrients; (2) "velocity special-

ists" rapidly exploited nutrient pulses and immediately utilized the
acquired nutrients for growth; (3) "storage specialists". also capitalized
on nutrient pulses but stored nutrients ihtercellularly for later wuse

(i.e.; luxury consumption). By subjecting phytoplankton assemblages to

fluctuating nutrient environments, Sommer found that affinity specialists g

(which had dominated in chemostat cultures) gradually were eliminated,

that storage specialist populations increased asymptotically, and that

velocity specialist populations initially increased, then oscillated

about a stable mean. Although Sommer and the other researchers were

concerned primarily with the influence of nutrient ‘patc‘hiness on
phytoplankton competltlve interactions, per se, their research has direct
relevance to the present discussion. ,Speclflcally‘,‘ the‘ marked 1nter-
specific differences in nutrient uptake and sforage- capabilities alluded

to by these wofkers, coupled with the general availability of regenerete'd

nutrient patches of varying concentration, size and Iongevity, could
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permit an intricate partitioning of the regenerated nutrient pool in many
lacustrine and oceanic ecosystems. The kinetic partitioning of regen-

erated NH,* among affinity, velocity and storage specialists, for example,

could contribute significantly to phytoplankton diversity and to the

complexity of nutrient flow in Snowbank Lake and other nitrogen-deficient

"surface waters.

Lol

In theory, the partitioning of a limiting nutrient resource in the  °

manner described above would permit the attainment of competitive
equilibrium among multiple phytoplanktén'species. Although‘"resoﬁrce

partitioning" has been invoked by previous researchers as an equilibrium-

' based solution to‘Hﬁt;hinson’s (1961) paradox, the term generally has .

referred to simultaneous, species-specific restrictions on growth imposed
by theﬂavailability of an array of different nutrients; i.e., situations
in which "several nutrients (are) in réiatiﬁely short supply and .

the growth of each species (is)'restricted.by a siﬁgle nutrient or a
unique combination of several nutrients" (Petersen 19755, Thié”concept
is compatiBle with the extendéd Voltérra-Gause prinéiple advocated by

Levin (1970): "NO‘Stable equilibrium can be attained in an ecologicai

community in which some r components are limited by less than r limiting

factors." Howeﬁer, Stewart and Levin (1973) demonstrated that it is
analytically possible to obtain stable states of ééexistence for two
gpecies'éoﬁpeting‘fqr a single 1imiting‘nutrient,\ﬁrovided.éne sﬁecies
grows faster at higher concentrations and thé other at léwer concentra-
tions of the‘nutrienf. They.also reported (but Qid‘nqt demonstréte) that

‘stable‘equiliﬁria are possible for three or more species competing for

ﬁhe same limiting nutrient, provided the growth of each species is




167
favored within a unique range of nutrient concentrations. Stewart and
Levin cautioned that

". as one adds species, the range of parameter values which

allow for stable .equilibria appears to become narrower and
narrower, Consequently, we do not believe that such a
mechanism by itself could explain the coexistence of 1arge
numbers of species on few different: limiting resources.

Subsequent to the work of Stewart and Levin, it has been demon-
strated that nutrient remineralization by heterotrophic plankton imparts

a microscale heterogeneity to the dissolved nutrient pool in open wateér

environments (discussed previously). At any moment in time, microscale

nﬁtrient co‘ncentrations range from extremely hi‘gh‘ levels in newly formed
nutrient patches to near-beckéround levels in older patches subj ec'ted’ to
turbulent dispersal or bidlegicai, depletion. Pl‘:ly.t‘oplanktdn with high V_,
values for a limiting nutrient presuﬁlably .enc'ounte‘r nutrient patcl‘xes‘-of

appropriately high concentration at comp‘aratively infrequent intervals,

whereas those possessing high' affinity for the nutrient consume it more

or less continuously‘ from the background pool. Depending upon several
factors, including the frequency and. magnitude of nutrient excretion

events, the population ‘density and metabolic activity of the various

algal species, and the prevailing level of turbulence, the kinetic

partitioning of the limiting nutrient among velocity, storage and
affinity specialists could preclude or greatly retard the competitive
~exclusion process. That is, the range of nutrient concentrations

encountered by a given phytoplankter could include as a subset the narrow

“range of jparemeter values" physiologically best suited to the organism’s

survival (cf., Stewart ‘end Levin 1973). The concomitant temporal,

spatial and chemical partitioriing of the dissolved mutrient pool could

L




168
contribute further to niche differentiation and to  the alleviation of

resource competition among phytoplankton.

The extent to which competitive equilibrium is approached in aquatic

ecosystems has received much attention from both theoretical and

empirical ecologists. Whereas some contemporary researchers continue to

T 1 TR Y A T Y

describe algal competitive interactions in purely equilibrium~dgpendent'

terms (e.g., Kilham and Hecky 1988), others emphasize the dynamic nature
of "these interactions and contend that fluctuating environmental
conditions’ greatly "perturb the approach to competitiVe exc1usion'and

equiiibrium" (Hérris.1983). The debate concerning the prevalence of

equilibrium versus nonequilibrium conditions in natural phytoplankton'

communities has been carried on by many rgsearéhers over a period of many
years (see Hutchinson 1941, 1953, 1961,_1965; Levin 1970; Richerson
et al. 1970; Stewart and Levin 1973; Gilpin 1975; Margalef 19783 Reynblds

1980; Wall and Briand 1980; Harris 1983, 1986; Kilham and Hecky 1988;

cf., Connell 1978; Huston 1979) and its definitive resolution is beyond

the scope of this report. Rather, this subsection has attempted-to‘

demonstrate that the partitioning of the limiting nutrient resource may
be an undervalued mechanism whefeby phytoplgnkton diversity iS‘maintained
iﬂ some oiigotfophic freshwaters, in pafticular, resource partitioning
may be largeiy responsible for the perennial reemergence of a diverse,

nitrogen-limited phytoplankton assemblage in-Sno&bank'Lake,

Implications of Regenerated NH*
Uptake by -Bacterioplankton

Bacterial secondary production in natural waters often approaches

or even exceeds algal primary production due to organic carbon cycling
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within the heterotrophlc food web (Scav1a et al 1986b; Scavia and Laird

1987; Scav1a 1988; Strayer 1988), suggesting that bacterloplankton at

times impose heavy demands on avallable ‘nitrogen resources. Bacterla‘

have long been known to poSsess efficient membrane transport systems for

both inorganic and organic nitrogen substrates (reviewed by Payne 1986);

however, only organic compounds traditionally have been ‘thought to

contribute 51gn1f1cant1y to bacterloplankton'n1trogen requlrements (e.g. .

Dugdale and Goering 1967). Recent studles of bacterlalrnutrltlonrln
coastal and‘opeh oceanic waters have demonstrated that the production of
assimilatable organic‘\compounds frequently cannot keep pace with

bacter1a1 demand for n1trogen (Wheeler and Kirchman 1986) and that EEL

may supply the bulk of the bacterial nltrogen requlrement under such

" circumstances (see Eppley et al. 1977; Billen 1984; Hagstrom et al. 1984;

Laws et al. 1985' Probyn and Palntlng 1985; Kirchman et al. 1986;

1nterest1ng1y, neither NO; nor urea appear to be utilized appre01ab1y by .

.most marine bacteria; see Wheeler and‘Klrchman 1986). Although'few.

similar studies have been conducted in freshwater ecosystems, results

from the metabolic inhibitor experiments performed in the present

investigation (Figure 18) suggest that NH,* is utilized heavily by

bacteria in at least some nitrogen-deficient lakes.

The physiology of NH,* uptake by heterotrophic bacterioplankton has

L

received comparatively little scientific attention. In contrast, much "

is known about the physiology‘of bacterial DOM uptake, and some of this

information may be of general application to NH,* and. other inorganic
nutrients. Azam and Ammerman (1984) have théorized that bacteria take

up organic substrates in close physical proximity to the sources of the
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substrateS‘(eTg., algal cells, detritus). They also contend that a close

temporal and metabolic coupling exists between DOM production and

consumption processes and that this coupling makes possible the high 

rates of bacterial secondary production. frequently noted in oligotrophic

marine enviromments. Although their argument is amalogous to that used

by McCarthy and Goldman ' (1979) ‘to account ' for ‘high phytoplaﬁkton‘i

productivity in nitrogen-depleted oceanic waters (see Coupling of NH/j*

Regenerative and Assimilative Fluxes, this chapter), it appears that

bacteria are more flexible ‘than algae in their metabolic responses to

fluctuating nutrient concentrations. For example, the uptake of amino

acids and simple sugars by marine bacterial assemblages is often

multiphasic, in that each;subétrate exhibits multiple values for K, when'

uptake ‘is measured over a very wide range of substrate concentrations

(seé‘Azam and Hodsonn 1981; Hagstrom et al. 1984). Similarly, Nissen et

al. (1984) have reported that the‘gidcose‘trénspbrt system in the marine

bacterial isolate LNB-155 changes its K, from 10® to 10®° M at a critical

glucose concentration. They suggest that such a response is advantageous

to any bacterium living in a heterogeneous nutrient environment, wherein

microscale DOM concentrations might -easily vary by several orders of
magnitude. Whether bacterioplankton possess similar multiphasic

transport systems for NH," and other inorganic nutrients is not known;

however, there is little a priori reason.to assume they do not. Such’

metabolic flexibility'wéuld allow bacteria living in nitrogen-depleted.

surface waters to capitalize on  microzones of regenerated . NH,'
during periods of intense eucaryotic remineralization activity and to

successfully exploit the background NH,* pool at other times.

"




171
In addition to the kinetic plasticity éf their nutrient tfansport
systems, bacteria are also capable of chemoreceptioﬁ and directed
movement. That is, they are cépable of actively seeking microenviron-
menté df opfimal nufritive céﬂtent. Their‘exéreﬁely small size éﬁd

correspondingly high surface-to-volume ratios also place them in intimate

metabolic contact with the surrdunding'mediuﬁ and allow them to respond

rapidly to changing envirommental conditions. This point is emphasized

by Azam and Ammerman (1984):

"A 0.2 pm diameter bacterium has a cell volume of merely
0.0033 um® or 3.33 x 101 . . . . (It) follows that uptake of
a very few effector molecules per cell could profoundly affect
the metabolic regulation. The intracellular concentration of
CAMP (cyclic adenosine monophosphate, an algal exudate believed
to. be a key regulator of enzyme synthesis in bacteria and a
unifying signal for the nutrient status of the microenviron-
ment) is on the order of 1 wM . . ., which for the very small

. bacteria corresponds to only 1 or 2 molecules per cell."

By virtue of their ability to actively seek nutrient microzones and
to rapidly respond to changing nutrient conditions, bacterioplankton are

potentially important competitors for NH,® and other ‘regénerated

substrates. Water-column concentrations of amino acids and other low

molecular weight organic compounds probably are impértant iﬂ determining
whether_bacteria act as NH; sources or sinks in nature. In waters
lacking appreciable'(nanomdlar)‘quantities of ' these comﬁounds‘(e.g.,
certain oligotrophi¢ to ultradligotrophicvlakes), bacteria‘would be
expected. to depénd'heavily on NH,* and to compete strong}y with phyfoj
plankton for  this fegeﬁeratéd resource. Such éompetition conceivably
could exacerbate conditions of nutrient deficiency ‘ahd lead to a

significant depression in photoautotrophic production. The extent to

which bacterial utilization of NH,* contributes to nitrogenfdeficient‘
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conditions in snowbank lake ié currently unkno&n; however, its'determina-
tion woﬁld‘appear to be experimentally feasible and Would,offer much
insight into the dynamics of nitrogen flow in this ecosysteﬁ.‘

Water-Colﬁmn Nitrogen Dynamics in Snowbank
Lake: A Revised Conceptual Model

The‘intricacy of the heterotrophic food web; fhe partitioning of
: nitrogenous reséurces‘among‘phytoplankton, and the intensivé utilization
of both inorganic and organic nitrogen by héterétrophic‘bacteria each
imparts an element of complexiﬁy to the limnetic nitfogen cycle in

Snowbank Lake. 1In an attempt to incorporate these elements into the

previously described model of‘nitrogen supply and demand (see Figure 33

and related text), the following additional assumptions have been made:

(1) a close spatial and temporal coupling exists between the eucaryotic

producfion and the bacterial utilization of NH,*; (2) some use is made by

bacteria of the background NHj'onI; (3) heterotrophic bacteria consume .

far more NH,* than they produce; (4) NH,* meets a significant‘fraction of

the bacterial nitrogen requirement; (5) NH," uptake by bacteria rivals in

magnitudé.that by eucaryotic algae; (6) NOj assimilation~by water-column

bacteria is negligible; (7) inorganic nitrogen resources are.intricately

partitioned among phytdplankton;-(8) metazoan zooplankton and micro-
and nanoflagellates are the principal agents of NH}"régeneratioﬁ;

(9) predation by metazooplankton imposes strong constraints on flagellate

. Yegeneration ' activity; and (10) predation imposes constraints on

‘.bacterioplankton secondary production and, therefore, on the consﬁmption
and regeneration of NH,* by bactéria. Assumptions 1-9 are derived from

.the preceding discussion whereas -(10), above, is consistent with the
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emerging microbial loop paradigm considered ‘b‘.riefly at the beginning of

this section.

Figure 34 depicts major pathways of nitrogen flow and transformation -

in Snowbank 'Lake, based on mode]_.’ modifications 1-10, 'abové. , (The

temporal/spatial partitioning of nitrogenous resources is not illustrated

in the figure but is implicit in the revised model.) Note that the bulk

. of the photoautotrophic cllemand‘for nitrogen is met by advective inputs

of NO3' and by internally recycled NH/?, that the efficiency of the
remineralization/uptake cycle is itself dependent on competition- and

predation-based interactions within the plankton c¢ommunity, and that

higher level trophic dynamics may exert '-strong, though indifec_‘:'t‘,.

influences on algal primary production (and community structure). For

.example, a decline in the abundance of crustacean zooplankton conceivably

could lead to the 'raﬁid proliferation of bacterivorous ‘flagellates;

subsequent reductions in bacterioplankton density and nutrient consump-

tion presumably would enhance algal (velocity/storage specialist) access _

. to eucaryotidally regenerated NH,* and lessen nutrient constraints om

photoiithotrophic growth. Recall that similar "trophic cascades" have
been documented in whole-lake fishery experiments and in -mesocosm
zooplankton manipulations and probably contribute to the dynamics of most

freshwater ecosystems‘ (see Chapter 1 and Metazoan Agents of NH,

Regeneration, this chapter; cf., Carpenter et al. 1985, 1987; Carpenter

and Kitchell 1988). .
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Figure 34. Revised schematic representation of nitrogen supply and demand in Snowbank Lake.

See
Figure 33 and text for details.
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Potenti;l Effects of Lake Acidification on Planktonic Nitrogen,Czcliﬁg ‘

" Results from the present s\:t;udy suggest ‘that nitrogen cycling

processes in Snowbank Lake are highly sensitive to changes in ambient‘pH.

Recall from‘Chapter 4 that regenerative and assimilative fluxes of NH,*

in lakewater samples declined rapidly in response to acidification -

(figures 22 and 23), that the fraction of the biological nitrogen demand

supplied by NH,* was much reduced under acidic conditions (Figure 26), and

that algal utilization of NO; generally increased following reductions in

sample pH, especially when HNO, was employed as the acidifying agent,

(Figure 26). The following discussion considers the physioiogical and

ecological implications of these findings. Particular attentiom is given

to (1) the biochemical basis for the observed effects of acidification

on NH,* and NO, uptake, (2) the influence of extracellular {B*] on

protein synthesis in algae, (3) the biochemical basis for the observedu

effects of acidification of NH," regeneration, and (4) the relationship

between the biological cycling of inorganic nitrogen "~ and . the

biogeochemical regulation of aqueous pH. Finally, with insight gained .

through our discussion of these topics, we consider the potential long-
term effects of acidification on patterns of nitrogen sﬁpply and demand
in Snow'bank Lake.

Influence of pH on Inorganic Nitrogen Uptaké:
A Preliminary Biochemical Model ,

The uptéke of inorganic;ni".t‘roge-n 'by algae involves both mediated and

nonmediated nutrient transport processes. Nohmediated or diffusive

fluxes of nitrogenous solutes through the plasmalemma are largely -




Ll

176 -

dependent on the polarity of the solute species and on the intra- and

extracellular solute concentrations. For the electroneutral species, NH;, .

diffusive flux is described by the equation .
I, = ng(cw,- Cy) o (23)

where ng is the transmembrape B&g flux (mol Cma‘sd), ng‘is'the NH, -
specific membrane_permeability_céefficientl(cm sh, apd‘Cw;and“Cm are the
NH, concentrations (mol cm®) on thé two sides of the pléSmalemma. The
transmembrane free energy difference constitutes the driving force for

this flux and is described by

\

out

C.

m

(24)

where AGyy, is the NH,-specific, transmembrane free energy difference (kJ

mol?), R is the gas constant (kJ mol®? °C!) and T is the absolute tempera-

ture. For the charged species, NH,* and NO,, the driving force for uptake

is given by the equatiom

Cout‘ ) .
AG, = RTInc™- + zFAp (25)

mn

where AG, 1is the electrolyte-specific, 'trahsmembrane free energy

“difference (kJ mol'), z is the charge of the electrolyte (+l or -1), F is

Faraday’'s equivalent <(coulombs mol?) and Ayp is the _transmembrane

electrical potential (volts). 'TheﬂrelationshipLbetween‘thé‘transPlasma-‘

lemma free energy difference and the electrolyte flux (J,) may be

expressed in terms of a permeability coefficient (P,; see Raven 1980):
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- ZFAG/RT - - ‘
Jde = -P, 1- exp(zFArﬁ/RT) (Coue " Cyexp (zFAY/RT)) (26)

| S

where the units associated with solute concentration, solute flux, and o

membrane permeability are as given in equation (23). From equations (23)

and (26), the equilibrium' distribution of the protonation pair, NH,/NH;,

' across the plasmalemma is described by:

Pyps, (Cragyom = Criyn) =

P zFAY/RT . (C... -
NH," 1-exp(zFAy/RT) * ow

C,exp (ZFA/RT)) C@n

The [NH,"]/[NH;] ratio occurring on either side of the piasmalemma

presumably conforms to the Henderson-Hasselbalch dlstrlbutlon (pKa,NH+ =
9.4, subj ect to corréection for temperature and ionic strength 1nfluences
see Emerson et al. 1975 Thurston et al. 1979; Messer et al. 1984).

The permeablllty of the plasmalemma lipid bilayer to hydrophlllc

species such as NH+ and NO is very low, and diffusion al-pne cannot .

account for the measured fluxes of these solutes. Although the presence:

of uniporter proteins may increase transport rates by several orders of
magnitude, they do mnot by themselves alter the solute equil,ibrium

distribution across the cell membrane. Given equation (26) and a

transmembrane - electrical potential of, say, 58 mV (Raven 1980), the

facilitated transport of NH,* or NO, via uniperter proteins would require

that the solute concentration on the sink side of the membrane be less

than one-tenth the concentration on the source side. . Data from Dortch

(1982), however, suggest that the intracellular 'concentration of these

solutes typically exceeds the extracellular concentration by a factor of
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10° or more. Clearly, some additional source of free energy must be
coupled to the 'transpor‘t‘.process (cf., ‘Smi\th“and Walkéf 1978; Wright and
Syrett 1983; Balch 1986). |

In theory, either an exergonic biochemical reaction (primary active
transport)‘ or an exergonic transmembrane solute Flux (sécondary active
transport) could power'nutrient uptake (specifically, nutrient-‘transpor.tﬁ
in the presence of an unfavorable electrochemical gradient. 'Avlthough'
primary active transport generally involves A’fP-powered H* ion extrusion
rather than nutrient uptake, the electrochemical gradients generated by
this process make possible a large variety of secondary traﬁsport systems
(see Mi_tchell‘ 1976, 1979; Raven ant_i Smith 1976; Raveﬁ 1980). The
tranéplasmalemma electrochemical potential ‘resulting.from the‘ active
extrusion of protons comprises an elect;rical i:otenti‘al component and a
[H*] gr.;adient component, as described in the ‘fol‘l‘o“wing eqﬁation (Mitchell

1979):

- 2.3RT . '
Apgt = A - (S5 ApH) o (28)

where Apy+ is the total electrochemical ‘or‘"chem_iosmotic" potential (in
volts), Apﬁ equals the difference between extra'cellular and cytoplasmic
pH, and Ap, R and T are defined as in equations 24 and 25. Note that
secondary transport processes dependent; on A;-LH+_ are also dependent on
external pﬁ, as the latter parameter influences both ApH and A'lﬁ..' Whereas
Apy+ and internal [H*] are nearly invariant ovei‘ a wide rangé.of external
pH vélues, ApH and Ay fluctuate markedly _(“Smi,th and Raven 1979; cf.,

Padan et al. 1981; Padan 1983).
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- The nutrient traﬁsport movdel' depicted in Figure 35 attempts to
explain the findings of the present study in a chemiosmotié context. If
assumes that inorganic nitrogen uptake is predominantly active and

coupled to Auy+. The uptake of NH/* is assqci:atéd with a uniport and is

driven by Ay; NO; transport is associated with an electroneutral symport . .

and is driven by ApH. The diffusion or "leakage" of NH, through the lipid
bilayer represents an inherent inefficiency in the ‘nitrogen acquisition/
retention process (i.e., C, >>C,; see equation 23). As extracellular

pH decreases relativé to cytoplasmic pH, the following outcomes are

assumed: (1) ApH increases at the expense of Az,b (i.e., Apy+ 1s constant;

see eqﬁation 28)'; ( 2‘)- uniport ~function  is impeded whereas symport
function is enhanced; and (3) Vnoa' becomes iafg,er whereas VNH4+ becomes
smaller. It is assumed also that .pH-related changes in VN03' compensate
for corresponding changes in Vi, OVEr a wide [H*]} range. Aé?'.dification
beyond this range reducés cytoplasmic pH, in addition to ApH, Ap,+, and
total n»itrbgen (NH,* + NO;) uptake (cf.‘, figures 25 and 26)
Int‘:er‘estingl}"‘, Merezhko e‘t‘: ..al. (1986) hax}é repor:'ted that submergent
macrophytes also respond to acidification by increasing Vnogf gnd decreas-
ing VNH4+‘; moreqver, macrophytic uptake of. total 'ino'r.'gani'c, nitrogen ‘is
essentially invariant over the pH range 8.5 to 5.5. ‘Th'e '_s‘imilaritises
between these résp‘onsés and those demonstrated‘b}‘r‘ phytcﬁ)l.ankton in the
present study' suggest that compensatory nut‘:ritionalA shifts represent a
real and widespfe"ad photolithotrophic‘ gdaptation to fl.uc‘tu’a‘tin‘g ambieﬁt
pH. The ‘ec<‘)logivc_a1 ramifications of this -phenomt.anon are éonsidered

shortly.
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Cytoplasm Plasmalemma

NO3/H + SYMPORT

PRIMARY H+ EFFLUX
(ATP-driven)
= PASSIVe NH
FLUX

NH*+ UNIPORT
(AtP-Clriven)

External Medium

Figure 35. Schematic representation of mediated and nonmediated nitrogen

transport systems in phytoplankton.

relevant to the discussion are
details.

Only those systems
illustrated; see text for
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Effects of Acidificétion on Algal Protein Synthesis

Phytoplankton regulate internal pH through the‘aétive'ﬁptake_an&
extrusion of ‘proéons. . .Although esséntial to cell function, this
homeostatic ﬁrocess imposeé a high energetic cost during extended periods
ijacidification.or alkalinizatipﬁ‘(see;Smith and Raven 1979).  Simi1af-v

ly, an added investment bf assimilatory reductant‘(NAD(P)H)‘is reqﬁired'

if protein synthesis ié to continue unabatedly followihg“acidificatioﬁ-
induced, compensatory nutritional shifts from NH,* to NO,. Because the
diversion of.metabélic energy and reducing power from biosynthetic to
.homeostatic functions conceivably coﬁld detfact from ceilular growtﬂ,
environmental H* ion \concentrafion must be regarded as yet another
physicochemical factor capable of -influencing phgtdlitbotréphid
producﬁioﬁ. | ‘- | | |
The aforeﬁentioned study by Merezhko et al. (1986) represents one
of the few attempts to examine the influence of pH’on‘nitrogen.meﬁabolism
in aquatic plaﬁts.‘ Interestingly, these-reéeafchers fbund>that protéih

- synthesis in submergent macfophytes proceéded less rapidly under mildly

" acidic conditions than under weakly alkaline conditions (pH 5.5 versus-

pH 8.5). This response could not be attributed to a‘déc;ease:in total
nitrogen uptake at low pH‘(cbmbined NH,* and NO; influx was unaffected by
pH; see preceding subsection); mor did it appear to be caused by a

‘reduction in NOy reductase activity (which should have resulted in the

feedback inhibition, rather than the observed, compensatory enhéncement,‘

of NO; uptake; cf., Pistorius et al. 1978). Iﬁstead, it appeared that

one or more of the post-reductive steps in the nitrogen assimilatory

sequence (Figure 36) was impeded somehow under acidic conditions. These

L
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steps presumably began with one of the following alternative reactions

- (Stryer 1981): .

NH,* + a-ketoglutarate + NAD(P)H + H* =

L-glutamate + NAD(P)* + H,0 (29
NH,” + L-glutamate + ATP = L-glutamine + ADP + P, + H* (30)

where reactions (29) and (30) were mediated by glutamate dehydrogenase
and glutamine synthetase, respectively. Note that_homéostatic demands
on reductant and ATP (or a‘general shortage of suitable carbon skeletons)

could have impeded glutamate/glutamine formation and accounted for the

.effects of reduced pH on protein synthesis. Subtle interactions between’

external pH and the activity of fhe medigtiﬁg enzymes werévalso possible,
For example, glutamate dehydrogenase activity may have ﬁéen sénsitive-to
tﬁe cationic,COmpositioA‘of the intracellular medium (cf.,chhoffeniels
and Gilles 1963;‘Schoffeniels\1964) and thus respoﬁ#ive to A¢-re1aféd
fluctuations iﬁ eiectrblyte transport (see Effects of Acidificatién on
NH Regeneration:‘Physiological Implications, this chaﬁtgr)f Aléo, the
activity.of:glutamine synthetase, a key coﬁtrol‘eleméﬁt\in intermediary
metaBolism,‘maf(have been affected by the infracellular aVailability'of
CAMP and various other allosteric effecférs potentiall&_involved in
homeostatic regulation (see Stadtman and Ginsburg 1974;-Tyler 1978).

Transient décreases in intracellula:‘(mitbchondrial) pH shortly after

’experimental acidification could have . affected the activity of both

enzymes (i.e., the binding of substrate to an active site of an enzyme

generally involves electrostatic interaction; thus, the formation of an
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enzyme-substrate‘complex is highly pH dependent; cf., Ahmed ét al. 1977).

Even minor increases in cytoplasmic [H'] could have altered the activity

of certain glycolytic enzymeé‘important‘in the production of ATP and NADH -

and in the generation of carbon skeletons necessary for protein synthesis

(e.g., phosphofructokinase activity decreases 10-20 fold, in vitro, when

the pH of the incﬁbating medium decreases by as little as 0.1 pH uﬁit;

see Trivedi and Danforth 1966).
Recall that the rate at which total inorganic nitrogen uptake was
assimilated into protein by Snowbank Lake phytoplankfon_ was mnot

influenced significantly by a 100-fold indrease in ambient [H*]

(Figure 27). Changes in NH,"- and NO,-based protein production resulting

from acidification were of the same sign and approximately the same

magnitude as corresponding changes in NH,* and NO; uptake (cf., figures

26 ahd‘27), suggesting that protein synthesis was.limited by the influx

of inorganic nitrogen rather than by enzymatic constraints or by the

availability of carbon skeletons, réductant, or ATP. The apportionment

of %C0,-C among protein, 1lipid “and- polysaccharide fractions was

apﬁroximétely the same at PH 7.4 as at pH 5.4 (Figure 29), indicating

that cellular metabolism was not "distorted" seriouSly within this [H*]
range, at léast over the short term. ‘The:proportion of MC inoculant
recovered:in‘thé'LMWM fraction w;s‘significantiy'iess at pH 5.4,xhqwever,
pefhaps owing té homeostatic dem;nds oﬁ'simﬁle gﬁgars and other readily
mobilizéble‘energy reserﬁe#. ’

Dété from this‘study and from that of‘Mefézhko et‘él.’(ibid;j
suggest that the influence of environmeﬁtal pH on protein synthesis and

other anabolic processés méy vary markedly among photolithotrophic taxa;
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In sﬁbmer‘gent macrophytes and other aquatic blants which tend to be self-

shading and light-limited (reviewed by Wetzel 1983), the homeostatic

mechanisms invoked by acidification probably increase cellular respira-

tion at the expense of cellular growth. Contrastingly, nutrient-limited
phytbplankton iﬁhabitihg relatively transparent water bodies sﬁch as
Snowbank Lake likely have accéss to more radiant energy than can -be
utilized effectively in growth and réplication. Such ‘.energy surpluses
(and the internal store of sugars, starches and oils arising therefrom)
présumably mitigate th% effect of fluctuating ambient pH on intracellular
energy ‘s‘,u‘pply and metabolite synthesis. Only persistent or unus\ual].ly

severe decreases in pH are likely to affect the anabolic patterns in

these algae, either through thé eventual failure of cellular homeostatic

mechanisms or through the excessive and continued diversion of metabolic

energy from biosynthetic to homeéstatic functions.

Influence of pH on ‘NH,*' Regeneration:
" Physiological Implications-

From a biochemical perspective, environmental pH proBab‘ly influénéeé
NH,* regeneration in at least three wéys.' Firét, the eléctrostatié
interactions that occur betwee;:; NH,* and the integral membrane proteins
responsible for NH,* transport presumably are inflﬁeﬁced by the immediate
pPH environment. Acidification from pH 7 to pH 5, for example, would tend

to ionize histidine residues (pK = 6.0) located on the exterior surfaces

of NH,* porters; further reductions in ambient pH and the concurrent

protonation of ‘other amino acid residues (e.g., g‘lutamic ar'ld‘ aspartic
acids; pK = 4.3 and 3.9, respectively) coﬁld have major effects on porter

conformétion, activity and substrate specificity (see Stryer 1981).
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Second, pH-related changes in the electrolytic composition of the
internal medium (discussed below) could reduce NAD*-linked glutamate
dehydrogenase activity and impede the catabolic formation of NH,* (see
~equation 29). This is suggested by the rather exacting [Na*] and [CL’]
requirements demonstrated by glutamate dehydrogenase ‘in vitro
(Schoffeniels and Gilles 1963; Schoffeniels 1964; Chaplin et al. 1965;
Gilles 1969, 1974). Third, reductions in external pH could influence the
energetics of IHL* extrusion by éubstantially altering transmembrane
electrochemical potentials. This pqssibilipy is somewhat more abstruse
than those mentioned previoqsly and reqeivés further elaboration in the
following discussion.

The transport of an giectrolyte through a 'bibldgical membrane
-frequently involves some form of idn exchange. This -arrangement
preserves‘the circumelectroneutrality of the internal and external flﬁid'
environments and minimizes the expenditurgsiof energy required for‘ioﬁ
transport (Kroﬁgh 1939; Shaw 1960; Maetz 1963; Maetz and Garcia-Romeu
1964; Stobbart 1971; Payan and Maetz 1973; Dietz and Alvarado 1974; Evans
1975). Ammon;um extrusion (rm%f) generally is coupled to Na* uptakel
(Py,t; see Shaw 1960; Evans 1975; Silverthorn and Krall 1975) and,
although water quality influences on Tnm,* have received comparatively
little scientific attention, the effects of environmental pﬁ on P+ héve
been studied intensively during the past decade. It is now apparent that
lake acidifiéation decreases P+ in many eucaryotic faumna (eﬂg., Potts
and Fryer.1979; Havas et al. 1984) and in some neutrophilic Bacteria
(reviewed by Padan et al. 1981); furthermore{ reductions in internal

[Na*] under acidic conditions have been documented in several species of




187
crustacean zooplankton (Potts and Fryer 1979; Havas 1981; Havas and

Hutchinson 1982, 1983; Havas et al. 1984) as well as. in fish (Leivestad

and Muniz 1976; McWilliams and Potts 1978; McWilliams et él. 1980; Munizy

and Leivestad 1980) and appear to be meet'severe‘in watere depleted of
Ca’* and other divalent cations (see Evans 1975; Oduleye 1973; McW1111ams

and Potts 1978 McDonald et al. 1980 Brown 1981 Havas et al. 1984; cf

Shaw 1959 Potts and F1em1ng 1970 1971) ‘These pH- related effects on>

Na* uptake and retention suggest that Na*-linked transport processes such

as Tyy* also may be impeded under acidic conditionms.

Results from the present~study\imp1y.that NH," regenmeration rates

in softwater Smowbank Lake are strongly depéndent on ambient pH. "This

dependence does not differ dramatically among heterotrophic size classes

(Figure 22), suggesting that the tranSport,pfocesses affected by external

[H*] are similar in a wide variety of metazoan and protozoan forms. The

experimental findings may be interpreted in a chemiosmotic context given
the following assumptions: (1) transplasmalemma (transepithilial)

electrical potentials are influenced by e#ternal‘ pH and range from.

strongly negative in circumneutral environments to zero or weakly

positive under moderately acidic conditions (see McWilliams and Potte.‘

1978); (2) reductions in rN%+'resu1ting from acidification are accom-
panied by declines in Py+ and by the partial dissipation of the Na*

concentration gradient across the plasmalemma (A[Na*]; cf., Hutchinson

and'Cellins 1978; Havas et al., 1984); end (3) Py+ is balanced electro-

lytically by the sum of NH,* and H' efflux rather than by Tyy+ alone

-(Maetz 1973). Figure 37 presents one possible interpretation of the’

experimental results which ‘is consistent with these assumptions.
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Plasmalemma External Medium

Na+ UNIPORT

NH4/Na+ SYMPORT
(a[Naf]-driven)

Figure 37. Biochemical model of NH4+/Na+ ion exchange across zooplankton
external membranes. See text for details.



T .

189

According to this model, P+ is mediated by an inward-directed, A¢-driven
uniport, whereas Ty, * is mediated by'a;A[Naﬂ-driven NH}/Naf.eymert
(notei’A[Na*]-driven symports occur'in,a wide varrety of procaryotic and
eucaryoticlorganisms; see Raven 1980; Padan et al. 1981; Stryer 1981).

Acidification of the external medium presumably decreases lA¢|, thereby

reducing P+ and contributing to the disruption of the internal Na*

balance (i.e., total Na* ‘efflux exceeds total Na* influk), to the
dissipation of A[Na'] and, ultimately, to a decline in Tyg,* - The
increased Na* efflux at low pH noted by some workers (e.g., McWilliams

and Potts 1978; Havas et al. 1984) may be interpreted as an increase in

the diffusional permeablllty or "leakage" of Na* or, alternatlvely, as an .

enhancement of some fa011itated or active Na* extrusion process not

depicted in Figure 37.

The actual phy51olog1ca1 mechanlsm through whlch pH exerts its

1nf1uence on NH,* efflux is admittedly uncertain, and it is possible that

the enzymatic, electrostatic and chemiosmotic explanations given above

are not applicable under natural circumstances. These explanations

provide a hypothetical framework for future.studies,‘hoﬁever,‘and their

eventual substantiation or repudiation will do much to improve our

understanding of nitrogen metabolism in freshwater heterotrophs.

Biological Contrlbutlons to Lake Acid .
NeutrallZlng Capa01tx Imgortance of-
Nitrogen Assimilative Processes

The acid neutralizing capacity of a water body is a relatively
complex blogeochemlcal property, dependent not only on the avallablllty

of dissolved alkaline species and on the exchangeable base content of
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surfici;l sediments, but .also on thg ability of thg aquatic microbial
community to_serVe as a nef biochémiéal sink for free H* (Table 26).°
This latter factor has received much attention'in‘recent whole-}ake
acidificafion studies, and it is now appafent'that the dissimilatory
reduction of protdlytic‘iohs represeﬁts an especially importanflmechanisﬁ
of H* neﬁtralizationvin many freshwater ecosystems (e.g., Schindler and
Turner 1982; Keiiy and Rudd 1984; Schindler et ali'1985). Cook et al.

(1986) have éstimated thét néarly 85% of the in situ alkalinity
production in Lake 223 (Experimgntal_Lakes Area or ELA, northwestefn
Ontario) is assbciateQ'with bacterial SOf"and Fe$*Areductioﬁ‘and FeS

formation, processes largely confined to the lake’s anoxic sediments and
hypolimnetic waters. Bacterial NO; réduction in anaerobic wéters and
sedimentg also contributes'seasonally to the ééid‘peutralizing‘éapacity
of other ELA lakés ke.g.,‘Kelly et al. 1982). Although these‘biological
proceéses‘are not "100% efficient” at’neut;alizing incoming acids, they
_ may delay the onset or réducé the severity of'acidifiéatiﬁn in some lakes
receiving substantialzanthropogenic loadings of H,50, and HNO, (Schindler
1988a). -

The contribﬁfion made‘b& microbial ofganisﬁs to the acia ﬁeutraliz;
ing capacity of softwater alpine lakes‘has received'comparativély little
scientific attention (Stoddard 1987, 1988). 1In rapidly‘flgshing, freely
mixing water‘quies such.as Snowbank Lﬁke, the-unifofmly oxygenated water

'column (Figure 5) and the general #aucity of orgénic.lsediments
_ (Chapter 2) would appear tofprecludé‘the‘high ratesxqf dissimilatory SQﬁ
and NO; reduction noted in the ELA studies. Micfobial components may

contribute more to the total alkalinity of such ecosystems through the
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Table 26. Major biologically mediated processes affectlng pH 1n surface-_

water ecosystems (from Weber and Stumm 1963)

Process . Reaction ‘ - Effect dn pH
Photosynthesis - 6002 + ‘6H;0‘ - C6'H‘1206: + 60, ‘ Incresse '
Respiration - CH;,05 + 60, + 6C0, + 6H,0 Decrease
Methane fsrmentation G0, +3C0, = 3CH, + 6CO, .' ' Decrease
Nitrification ‘ NH,* + 20, + NO; + H2b_‘+ éH* | bec_reasé
Dsnitrification - | 5CH,,0 + 24NO,” + 24H* - | |
30C0, + 12N, + 42H,0 " Incréase

Sulfide oxidation . ~ HS + 20, +» SO + H* - .. Decrease
‘Sulfate: rsduct:.i.on ' CH,,0s + 3807 + 3H+ - |

| 6CO, + 3HS' +r-61-120 ~ Increase )

assimilatory reduction of protolytic chemical species. The uptake of NO; -

by phytoplankton may be especially important in this regard, as indicated.

by the ‘fo‘l.lowing equation (expressed in Redfield elemental proportions):

106C0, + 38H,0 + 16NO; — (CH,0) 4 (NH;),s + 1380, + 160H . (31)

Contrastingly, the uptake of NH,* by phytoplankton detracts from lakewater

total alkalinity:
106C0, + 106H,0 + 16NH4+ -+ (CH,0), (NH,),c + 1060, + 16H+ (32)

In a series of laboratory experiments involving three species of marine

phytoplankton, Brewer and Goldman (1976) found. that NO,-supported

algal growth was associated with an increase in the acid neutralizing -

Ll2!
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. capacity of‘thg culture medium, wherea§ NH,*-based algal growth was
associated wifh a marked decrease in this capacity (see élso Pratt and
Fong 1940). 1In a whole-lake eutrophiéation experiment, Schindler ef al.
(1?85) demonstrated that additions of NHCl (together wiﬁﬁ,HJﬂL) caused
significant re@uctions in-lakewater alkalinity and pH;-this trend was
reversed By thé subsequent application of NaNO, (together with H,PO,) .
There exists little doﬁbt, fherefore, théf the form of inorganic nitrogen
utilized by phytoplankton may exert a significant influence on the pH and
alkalinity of the aqueous environment.

Saturating additiéns of inorganic nitrogen had no measurable effect
on sample pH in the‘present study; perhaps‘owing fo the relatively short
time frame of the field and laboratory experiments and/or to the low
algél biomass and correspondingly low rétés of nitrogen uptake. Even
when substrate enrichment dréﬁatically increased the rate of.pitrogen
uptéke, attendant changés in H* or‘OH'production apparéntly were offset
by chemical buffering geactions. For exampie, sample [H*] presumably :
would havé_decreased from pH 7.2 to pH 8.0 in the NO, uptaké kinetics.
éxperiment conducted on‘24 August 1986 were it not for the conversion of
OH and H,CO, to HCO; and H,0; similarly, [H*] would have increased from pH
'7f0 to pH 5.7 in the NH,* uptake kinetic5'experiment‘conductéd in August
1985‘were it not for the conversionof‘H+ and‘Hcdg to H,C0; (Table 11;
equations 3i and 32; see alsé Stumm and Morgan 1981). -Interestingly,‘
sa@p}e pH aléo was stable in acidification treatments amended with 3.6-
7.1 pM additions Qf‘NHﬂ'or.NO;, even‘tﬁough thé aqueous HCO; reserve was .

much reduced in these treatments.
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The absence of any observable change in background sample pH in
field and laboratory experiments did mnot preclude the possibility;of
microscale fluctuations‘in environmental [H*]. 1In particular, the‘pHvof
the quiescent boundary layer‘extending only a few pmvgat most) from rhe
surface of algal cells undoubtedly was influenced more rapidly by changes
in OH or H' production than was the background pH. This raises an
important question: Could the compensatory nutritional shift observed at
moderately low pH have represented an external [H*] buffering mechahism,
capable of restoring the pH of the immediate extracellular ervironment
to a physiologically acceptable level? Although no direct evidence for
such a mechanism was gathered in ‘tﬁis study; the -results of the
laboratory time course experiment conducted on 26 September 1987 support
such a hypothesis. For example, the acidification-induced increase in
VNO; (i.e., the discrepancy between.exPerimental and control VNO;‘Values)
ceased after.approximately 19 hr, perhaps signifying the‘restoratien of
boundary layer [H*] to preacidification levels (Figure 24). Significant
differences in'Vmu+'between control and acidification treatments iikewiee
were‘eliminated during the course of the incubation (Figure 23). Beceuse
every mole of NO; that was assimilated in lieu of an equal quantiry'of‘
NH,* would have generated, in effect, 2 moles of OH, the presumed
stoichiometric substitution of NO; for NH,* would have provided a rather
efficient means of H' neutralization. The initial COncentration of much
of this biologically generated alkaliqity in the imﬁediete vicinity of
algal cells would have minimized the magnitude and duration of the effect

of acidification on [H']-dependent assimilative processes (Table 27).
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Table 27. Theoretical changes in inorganic nitrogen uptake and alka-
linity generation by phytoplankton following experlmental
acidification.

Post-acidification response

Moderate (52 unit) pH reduction Severe (>2 unit) pH reduction
Increased rates of NO, uptake . Rates of NO, and NH,* uptake

and OH generation; decreased ’ decrease precipitously; little net
rates of NH,* uptake and H* increase in OH generation
generation : ‘ :

Acid neutralizing capacity and No significant change in buffering
pH of immediate extracellular capacity or pH of immediate
environment‘increase . extracellular environment

Rapid return to preac1d1f1cat10n Continued depression of NH,* and

rates of NH,* and NO, uptake ' NO; uptake rates

The Suggestion that phytoplankton exert some,degree‘ofvcoptrcl over
their aqueous chemical environment is not-newf Fcr some 50 years, the.
close relationship between the carbon:nitrogen:ph0sphorus composition of
| seawater and that of marine algae has been thought to reflect.a léng-term
biogeochemical feedback mechanism‘mediated primarily by photosynthetic
and oxidative decomposition processes (Redfield 1934; see also Harvey
1926). More.recently; Morel and Hudson (1985)lhave‘proposed’that "many
major and‘trace elements, essential and toxic, may be simultaneouslyv
controlling biclogical‘production iﬁ‘the‘oceans . +« ., in turn, the
(cycling and coﬁcentraticn)‘of ‘these elements (are) controlled by the
biota.™ Schindler (1985) has remarked on the resiliency of b1ogeochem1-
cal cycles in freshwater ecosystems ‘and has compared the’ m1crob1al‘
mechanisms that "exist for maintaining these nutrient balances‘over wide

ranges" to those that occur in the sea.  The processes COntributing‘tc
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the acid-base balance of lakes (Table 26) also tend to respond to
perturbation (acidification or alkalinization) in a manner which

eventually restores the original H' concentration and turnover rate (see

Schindler 1985; cf., Schindler and Turner 1982; Kelly and Rudd 1984;
Kelly et al. 1984). | |

In contrast to the‘loﬁg-term biogeochemical feedback mechanisms
which stabilize pro;qn flux and concentration on an ecosjstem scale, this
study suggesté that'algal assimilative responses to‘acidification may
rapidly restore -the pH of the iﬁmédiate extracellular‘envirpnment énd
ﬁinimize the iﬁfluence of énvironmental [H*] on nutfient procurement aﬁd
related aspects of cellular metaboiism. Such responses may have
considerable adaptive value in poorly buffered aquatic ecosystems
undergoing periodic (i.e., diel,,éeasdnal)‘fluctuafions in aqueous pH
(cf., Stoddard 1987, 1988). | |
Long-Term Effects of Lake Acidificatiqn on Wéter-

Column Nitrogen Cycling and Biological Production

Among . the " earliest ecologi¢all concerns associated ‘witﬁ lake
acidification was its potential f;r‘affecfing’ofganig.decompositional and
"nutrient cycling processes in sediments and limﬁetic waters. This
concern was founded on a relativély large body of direct observational

-and ‘experimental evidence. For example, early researchers noted thick

accumulations of. coarse organic detritus ip "many“anthropogenically
acidified lakes and attributed these aécumulatioﬁs to a general, pH-
relaﬁed decrease in microbial deéomﬁositional activity (e.g., Grahn
et al. 1974). 1In Whole-lake‘neutralization experiments, the adjustment

of epilimnetic pH to preacidification levels led to. the rapid decay of
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detrital-accumulations (Andersson et al.'1978) and to the‘proliferatioh
of water-cdluﬁn Bactefié (Sheider et alf‘1975). Invvarious fieldvand
laboratory investigations, decreéses in aqueous pH'wefe associated with
reduced microbial consumﬁtion of 0, (Traaéﬁ 1974), with hindgred deéom-
position of leaf litter (e.g., Traaen 1976) and with'decreased,uptake‘of

radioacti?e phosphorus in lake sediment cores‘(Laake'1976). These eafly

findings were corroborated in numerous subsequent investigations (e.g.,

Traaen 1980; Burton et -al. 1982§'Hu1tberg and Anderson 1982; McKinley and

Vestal 1982; Rao and Dutka 1983; Francis et al. 1984; Allard and Moreau

1986), 'although exceptions to the above generalizations were documented

(Kelly et al. 1984).
Recently, Rudd et al.‘(1988) reported that under-ice concentrations

of inorganic nitrogen in two ELA lakes 'varied significantly in response

to experimental declines in pH. ‘Acidification,from pH 6.2 to pH 5.4-5.1

'via H,S0, addition over a period of several yedrs was accompanied by an

increase in [NH,"] and a decrease in [NO;]; the discontinuation of H,SO,:

inputs in one of the lakes led to the gradual alkalinization of the water
column (from pH 5.1 to pH 5.5) and to the eventual restoration of the

preacidification‘NO; level. Rudd et al. attributed these results to the

disruption of bacterial nitrification activities at low pH (eveh~though‘

nitrification rates were not monitored during the study) and concluded

that, of all the‘majdr elementélpcycles,‘the nitrogen cycle was by far

the most sensitive to environmental pH. Although these\reseafchers did

' not consider possible algal assimilative responses to acidification (see

Influence of pH on Inorganic Nitrogen Uptake: A Preliminary Biochemical

Model, this chapter) nor other biological manifestations which may have
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contributed to the observed changes in inorganic nitrogen concentration,

their study demonstrated ' unequivocally that lake acidification coﬁld
engender 1ong-term changes in the availability and speciation of

assimilatable nitrogen..

In addition to the documented effects of acidification on aquatic

exert a strong stimulatory infiuencé sn algal growth. Paerl (1985)
décumentéd that r#infall ;nd terrigenous runoff coptaiﬁing high concen-
trations of NO;” substantially increased“phytoplankton production‘in near-
surface céagfal waters depleted of inorgaﬁic nitrogen1 | QbServéd
increases in chlorophyll a concentration persisted for as long as‘sevefal
weeks following major storms, suggeéting thaF-.omBrOgenic nitrogen
contributed sighificantly‘to the éverali broductivity Qf‘these waters.
Although éimilaf phehomena apparenfly have not been reportéd‘ for
freshwater ecosystems, a series of nutrient/precipitation enrichment
bioassays performed by Manny et al.‘(1987) suggesfed that the presence
of-PQﬁ in rainfall_could‘stimulate.phytoplankton growth in-perennially
phosphorus-deficient Léke Michigan. .Havens and De¢osta (1986) conducted

a two-month mesocosm experiment in Lake 0'Woods, West Virginia, comparing

algal photosynthetic responses to nutrient additions under circumneutral

versus acidic (HC1l; pH 4.5) conditiqns. Phytoplarkton biomass increased
most dramatically_in_acidified tréafmepts containingxadded No; and POff
unfortunately;‘the fraction of this increase attributable to nutrient
enrichment was obécured. owing to the ektirpation of acid zsepsitive
zooplankton and to the coﬁcomitant rglaxation-of grazing preésures on

algal growth,

.nutrient’ cycling, inputs of mineral acid anions to surface waters may
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Experimental data gathered in the present study and discussed

earlier in this chapter suggested that n1trogen cycling processes in

Snowbank Lake were highly sensitive. to ac1d1flcat10n at least over the

short term. Of equal interest was that the mineral acid anion associated )

with pH reduction appeared to exert a strong influence on algal nitrogen
uptake. The addition of 'HNO; (alone or in combination with H,S0,) to
lakewater samples 1nvar1ably resulted in a greater enhancement (or lesser
suppression) of NO,; uptake than did the addition of HCl or H,50, alone
(Figure 26). Moreover, the uptake of total 1norgan1c nitrogen sometlmes

was enhanced by the addition of HNO, (see 2 and 26 Séptember entries,

Figure 26), implying that this mineral acid could ameliorate nitrogen-

limited conditions and increase algal growth despite a substantial (2-

unit) decrease in environmental pH. High rates of algal C0, incorpora-.

tion observed in HNO; and HNO,/H,SO, treatments (relative to those observed

in HCl or H,SO, treatments; see 26 -September entry, Figure ‘2'8) likewise
suggested that ‘any potential negative effect of acidification on the
growth of nitrogen-limited phytoplankton could be offset at least in
part by drastically elevated concentrations of NO3 and, presumably, by
an enhanced algal capac1ty for NO3 utilization at low pH (figures 24- 26)
Because HNO, represents the principal H* donor in ralnfall throughout
much of the western Un1ted States (1nclud1ng heav1ly 1ndustr1allzed or
populated locations receiving unusually acidic prec1p1tation ‘see
Liljestrand and Morgan 1978; McColl and Bush 1978),' the potentlal for
widespread acidification of lakes within this region relates first and
foremost, to the 'deposition of this compound, . Nitrate derived from.the

dissociation of HNO, would be expected to comprise an increasingly greater
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fraction of the assimilatable nitrogen supply in lakes affected by
acidification but incapable of a significant dénitrifiéation response
(see Stoddard 1987, 1988; cf., Kelly 1988; Schindler 1988b; Psenner
.1989); moreover, the importancg of NO; to algal growth would tend to
increase disproportionately to its rate of supply if, as suggested by
this study, the physiological capacity for NH,* uptake gradually
diminished under acidic conditioﬁs. The nitrogenous nutrition of algae
within a lake undergoing acidification conceivably could become érogrésf
siveiy less dependent on tﬁe efficient utilization of heterotrophically
regenerated NH,* and progressively more dependent on the deposition of
anthropogenically derived NO;'. Under persistently nitrogen-limited;_
increasingly acidic conditions, phofolithotrophic production could cease
to Benefit from the purportedl& stabilizing influeﬁce of nutrient cycling
(i.e., from the nutritional “positive:feedback“ interactions occurring
among trophic components; see Perry et al. 1989) and become increasingly
vulnerable to the vagaries of air quality and climatologiégl influences
on HNO, supply. In addition to the marked,changes‘in'biological community
structure ‘which invafiably accompany surfaée water acidification,
accelerated inputs of HNO, could detract from both the efficiency and ﬁhé
constancy of the water-column nitrogen cycle and substantially alter the

long-term productivity of chronically nitrogen-deficient lakes.
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CHAPTER 6
CONCLUSIONS

Relative.to the role played by nitrbgen in fﬁé régulation‘of algal
primary production‘in Snéwbank Lake, the following major point; should
be drawn from thé preceding discussion:

1) Low concentrations (1OWisgp§1y.rates) ofvassimilatablennitfogén
Jgn énowbank Lake impose strong constraints on phytqplaﬁkﬁon growth during
the open-wate; season. |

2) The phytoplankton community as a whole exhibits no disqernablé
preference for‘NHf(ove;‘oxidized.forms of as;imilatable nitrogen; rather;“-
substrate utilization is commensurate with Sﬁbstrate‘avaiiability. |

 3) Advectively suPplied.NO; comprises the bulk of the phytoplank-
ton nitrogen rgtién in Snowbank Lake; however, in situ ammbnification
suppliesvat least 30-40% of the.algal‘nitrogen‘demand;

1‘45“Nitrogen‘ is efficiently fecycled. between ‘heterqtfophic and
autotrophic components of the lake plankton community; specifically, a
close spatial and temporal couplinglexists between NH,* production ;nd
consﬁmption processes, and regenerativé'aﬁd assimilativevfluxes bf:NHj
are abproximately in. balance on an ecosystem scale.

Regarding the food web components contributing most to Wéter-colﬁmn
ﬁitrogeh supély and demand, the foliowing findings are worthy--of

reiteration:
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1) Bécterioplankton contribute little to‘nitrogeﬁ regeneration .in
- Snowbank Lake; instead, they are net consumers of NH,* and probably
compete strongly Qith algae for this regenerated resource.

2) Mixo- and heterotrophic flagellates are relatively abundant in

Snowbank lake and account for most of the microbial regeneration .

~activity,

3) Reductions in rotifer and crustacean zooplankton populations

markedly enhance rates of NH,* regenerationm, presumably by reducing '

predation pressures on‘metabolically active nano- and microflagellates; '

hence, grazing interactions between meta- and protozooplanktdn may exert

strong . influences on water;cblumn nitrogen suéply and AIgal primary
production. | |

4) An apparent intricate partitioning (chemicél, spétial, teﬁporal,
kinetic) of nitrogenous resources among‘phytoplankton presumablyA;educes
interspecific competitionsand faCilitétes‘the ;érennial,reemeﬁgence‘df
a diverse, predqminantly nitrogen-limited phytoplankton assemblage.

Finally, with respect to the influences (or potential influenceé)

exerted by aﬁbient pH on the limnetic nitrogen cycle iﬁfSnowbank Lake,
the following conclusions are inferred from the ﬁresent study:

1) Water-column(regénerative and aﬁsimilative‘fluxes of NH,* and
bacferioplankton secondary.préduction are reduced under mildly aéidic
conditions (pH 5 versus pH 7); contrastingly, the algai,capacity for NO;
utilization is greatest at moderately low pH (pH = 5).

2) Acidification-induced algal»ﬁutritional shifts from;NHjJto NO;
are interpretable in a - chemiosmoti¢ context and have important

'physiological (homéostatic) and ecological (lake buffering) implications.
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3). Hypothetically, the acidification of the water column via HNO,

addition would stimulate increases in total nitrogen uptake and permit

higher rates of algal photosynthesis than would corresponding additions

of "nonnutritive" mineral acids; more importantly, greatly increased NO;

concentrations (coupled with an enhanced algal capacity for NO; utiliza-
tion at low pH) would tend to ameliorate nutrient constraints on water-

column primary production following HNO, enrichment. .

4) Acidification of Snowbank Lake thrqugh'inPUts of HNQfenriched“

regenerative/assimilative cycle and increase .algal dependence on

allochthonously supplied NO,.

. precipitation and runoff would detract from the efficiency of the NH/*
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Table 28. Aquatic macroinvertebrate taxa collected from the.Snowbank
Lake watershed during 24-26 August 1985 by D. L. Gustafson,
Department of Biology, Montana State University.

Phylum Arthropoda
Class Crustacea
Order Anostraca .
Family Branchinectidae ‘
' Branchinecta paludosa (0. F. Muller)
Class Insecta
Order Ephemeroptera
Family Baetidae
Baetis bicaudatus Dodds
Family Heptageniidae
Cinygmula par (Eaton)
Order Plecoptera
Family Perlodidae
Arcynopteryx compacta (McLachlan)
Megarcys watertoni (Ricker)
Order Trichoptera
Family Brachycentridae
Brachycentrus americanus (Banks)
Family Limnephilidae
Asynarchus aldinus (Ross)
Chyranda centralis (Barks)
Dicosmoecus atripes (Hagen)

- Ecelisiomyia maculosa Banks
Hesperophylax incisus Banks
Psychoglypha .subborealis (Banks)

Family Rhyacophilidae
Rhyacophila angelita Banks
R. tucula Ross

Collector’s comments:

1. "All species listed are common and well known in this area except
for Arcynopteryx (compacta), which is poorly known south of the
Canadian tundra. It is known from northwestern Montana, (and) also
in alpine areas of Wyoming. The collection is a new (Carbon County)
record . . . but not unexpected."”

2.. "All species. are typical of alpine or subalpine conditions except
for Brachycentrus (americanus) and Hesperophylax (incisus), both of
which indicate the presence of strong groundwater connections for the
streams." -
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Table 29. Metazooplankton taxa collected from Snowbank Lake during the
1985- 87 ice-free seasons.

Phylum Arthropoda
Class Crustacea’
Order Calanoida
Family Diaptomidae ‘ ' ‘
Diaptomus (Hesperodiaptomus) shoshone Forbes'
Order Dipostraca
Family Daphnidae
Daphnia pulex Leydig
D. rosea Sars
D. schodleri Sars

Phylum Rotatoria
Class Monogononta
Order Flosculariacea ,
- Family Testudinellidae
Filinia sp.
Order Ploima
-Family Synchaetidae
Polyarthra sp.
Family Brachionidae
Brachionus sp.
Kellicottia sp.
Keratella sp.
Notholca sp.
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Table 30.- Phytoplankton (and flagellated protistan) taxa collected from
Snowbank Lake during the 1985-87 ice-free seasons.

Division Chlorophyta
Class Chlorophyceae
Order Volvocales
Famlly Chlamydomonadaceae
Pandorina morum (Muell.) Bory
Volvox tertius Meyer
Order Tetrasporales
Family Tetrasporaceae
Asterococcus limmeticus G. M. Smlth
Tetraspora sp.
Order Chlorococcales
Family Chlorococcaceae
Planktosphaeria gelatinosa G. M. Smith
Schroederia (Ankyra) judayi G. M. Smith
S. setigera Lemmermann
Tetraedron sp.
Family Palmellaceae :
‘Sphaerocystis schroeteri Chodat '’
Family Oocystaceae
Ankistrodesmus braunii (Naeg.). Colllns
A. falcatus (Corda) Ralfs
A. sp. #3
Oocystis borgei Snow
Qudrigula chodatii (Tanner-Fullman) G. M. Smith
Family Radiococcaceae
Mycanthococcus sp.
Famlly Micractiniaceae
Micractinium puSJ.llum var. longJ.setum Tlffany et Ahlstrom '
Family- chtyosphaerlaceae \
Botryococcus sp.
Dictyosphaerium pulchellum Wood
Westella botryoides (West) de W11demann
Family Scenedesmaceae
Coelastrum microporum Nageli
Crucigenia tetrapedia (Kirchn.) West et West
Scenedesmus bijuga (Turp ) Lagerheim
Tetrastrum sp. ,
Family Hydrodictyaceae
Pediastrum boryanum (Turp.) Meneghini
Family Coccomyxacceae
Elakatothrix viridis (Snow) Printz
Family Ulotrichaceae
‘ Ulothrix sp.
Order Microsporales
Family Microsporaceae
Microspora sp.
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Tabie 30. Continued.

Order Oedogoniales
Family Oedogoniaceae
Oedogonium sp.
Order Zygnematales
Family Gonatozygaceae (Mesotaeniaceae)
Roya obtusa var. montana West et West
Family Desmidiaceae
Closterium sp. #l
C. sp. #2~ ‘ .
Cosmarium tinctum var. subretusum Messik
C. margaritatum (Lund.) Roy et Bissett
Euastrum sp.
Hyalotheca dissiliens forma tridentula Nordstedt
Micrasterias sp.
Spondylosium planum (Wolle) West et West
Staurastrum furcigerum Brebisson
hexacerum (Ehr.) Wittrock
manfeldtii var. fluminense Schumacher
paradoxum Meyen
. paradoxum var, c1ngu1um West et West
. punctulatum Brebisson
tetracerum Ralfs
Family Zygnemataceae
Mougeotia sp.

hinthhta ta'tn

Division Chrysophyta
Class Clirysophyceae
Order Chrysomonadales
Family Ochromonadaceae
Ochromonas (Chlorochromonas) sp.
Family Synuraceae (Mallomonadaceae)
Mallomonas sp. #1

M. sp. #2
M. sp. #3
‘Synura uvella Ehrenberg
S. sp. #2

Family Dinobryaceae
Dinobryon sertularla Ehrenberg
Order Rhizochrysidales
Family Rhlzochry31daceae
Rhizochrysis limmetica G. M. Smith
Order Chromulinales
Family Chromulinaceae
Chromulina pascheri Hoffeneeder
Family Chirysococcaceae
Chrysococcus SPp.
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Table 30. Continued.

Class Bacillariophyceae
Order Centrales
Family Coscinodiscaceae
Cyclotella meneghiniana Kuetzing
"Melosira italica var. subarctica Mueller -
Order Pennales
Family Tabellariaceaée
Diatomella sp.
Tabellaria fenestrata (Lyngb ) Kuet21ng
T. flocculosa (Roth) Kuet21ng
T. sp. #3
Family Meridionaceae -
Meridion circulare (Grev ) Agardh
Family Diatomaceae
Diatoma sp.
Family Fragilariaceae
' Asterionella formosa Hassall
Fragilaria construens (Ehr.) Grunow
F. crotonensis Kitton

F. sp. #3
Synedra sp. #l
S. sp. #2

Family Eunotiaceae . _

Eunotia (Ceratoneis) sp. #l -

E. sp. #2 ~

Hannaea (Ceratonels) arcus (Ehr.) Patrick
Family Achnanthaceae

Achnanthes SP.

Cocconeis sp.

Rhoicosphenia curvata (Kutz.) Grunow ex. Rabenhorst
Family Naviculaceae

Diploneis sp.

Frustulia sp.

Gyrosigma sp.

Navicula sp. #1

~ N. sp. #2°
"N. sp. #3
N. sp. #4

Neidium sp.

Pinnularia sp.

Stauroneis sp.
Family Gomphonemataceae

Gomphonema sp.
Family Cymbellaceae

Amphora sp.

Cymbella sp. #1

c.

sp. #2

Famlly Epithemiaceae
Epithemia sp.
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Table 30. Gontinued.

Family Nitzschiaceae
Hantzschia virgata (Roper) Grunow
H. virgata var. capitellata Hustedt.
Nitzschia sp. #1 ‘ ‘
N. sp. #2
Family Surirellaceae
Surirella sp.
Class Xanthophyceae (Heterokontae)
Order Mischococcales (Heterococcales)
Family Pleurochloridaceae
Botrydiopsis arhiza Borzi
Family Sciadaceae
Centritractus belanophorus Lemmermann
Order Heterotrichales
Family Tribonemataceae
Tribonema bombycinum (Ag.) Derbes et Soller

Division Cryptophyta
Class Cryptophyceae
Order Cryptomonadales
Family Cryptomonadaceae
Cryptomonas sp.
Rhodomonas lacustris Pascher et Ruttner

Division Cyanophyta
Class Myxophyceae
Ordexr Chroococcales
Famlly Chroococcaceae
"Chroococcus dispersus (Kelssl ) Lemmermann
Gomphosphaeria aponina Kuetzing
Order Hormogonales
Family Rivulariaceae
Rivularia sp.

Division Pyrrhophyta
Class Dinophycea
Order Peridiniales
Family Peridiniaceae
~ Peridinium cinctum (Muell.) Ehrenberg
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