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Abstract

Nutrient supply ratio and degree of water column stratification determined

the type and degree of nutrient-deficiency in both freshwater and marine

envi¡onments and in both A¡ctic and temperate water. The inter¡elationship of

physical and chemical facto¡s with phytoplankton nutrient status was studied in four

geographically distinct natural systems. Comparison of physical and chemical

gradients in relation to phytoplankton nutrient status within each of the four systems

and between the geographically distinct systems showed that predictions concerning

phytoplankton nutrient status could be made from environmental observations.

In Northwestern Ontario, nine lakes located on the Canadian Shield were

studied for five years to determine how lake size affected phytoplankton nutrient

status. The lakes ranged in size from small (0.29 km,) to Lake Superior (s2 300

km'). All nine lakes had rN:Tp molar rarios over 65 and were p-deficient.

However, the lakes over 20 km2 were ]ess P-deficient than those under 20 km2.

Deeper mixed layers in the larger lakes resulted in slightly lower mean water column

light intensity in the larger lakes, but light did not limit phytoplankton growrh.

Longer particle retention in the deeper mixed layers of larger lakes allowed greater

nutrient regeneration and provided a greater supply of p.

Phytoplankton nutrient status measurements and physical and chemical

measurements were made in St. Margaret's Bay, Nova Scotia along a 9 km transect

from an inshore aquaculture site to an offshore station during August and September
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of 1990. The frequency of N-deficiency was higher in the offshore stations, while

the frequency of increased Si uptake was higher near the aquaculture sites.

In a cruise during Aprii 1991 from the continental shelf off Nova Scotia ro

the Sargasso Sea north of Bermuda, the TN:TP molar ratio was 26 in the upper water

column on the shelf, 36 in slope water and 50 in the sargasso Sea. while the

nutrient status measurements indicated no N or P deficiency in the well mixed Shelf

or Slope water, there were indications of strong N and P deficiency in the stratified

Sargasso Sea water.

In the Barrow Strait in the Eastern A¡ctic, nutrient status measurements were

made during August of 1989 and 1991. The TN:TP molar ratio on the Arctic

continental shelf was 19. Density stratification from melting pans of ice created

shallow well illuminated mixed layers that quickly became strongly N-deficient.

Frequent wind events, which mixed the water column, resulted in light-limited

photosynthesis due to the deep mixed depths.

'Whenever 
samples were strongly nutrient-deficient, relative carbon turnover

(as indicated by photosynthesis at optimum light normalized to particulate carbon)

was low. When no nutrient deficiency was indicated, relative carbon turnover at

optimum light was high. TN:TP molar ratios greater than 50 resulted in p deficiency

in stabiy stratified water columns while lower values favoured N deficiency.
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Chapter I

General Introduction



The nutrient status of phytoplankton growing under nutrient-limited conditions

is indicated by growth rate (Droop L974;Healey and Hendzel 19g0). By examining

the relationship between nutrient status and the wide range of the physical and

chemical conditions provided in lakes and oceans, critical factors which controi

phytoplankton growth can be determined. The objective of this study has been to

apply a coÍlmon suite of nutrient status indicators to a broad range of freshwater and

marine environments to obtain a holistic understanding of the cont¡ol of

phytoplankton growth.

Theoretical Basis of Phytoplankton Nutrient Status Measurements

Phytoplankton need light and nutrients to grow. If light is adequare rhen the

nutrient status of the phytoplankton will determine the relative growth rate. Droop

(1968, 1970) described the growth rate of nutrient-limited phytoplankton as a

function of the internal cell quota of the limiting nutrient:

p=p(l 
E,

which can be written to represent relative

(1.1)

growth as follows:

(1.2)v --n-futl, a'

where ¡r is the specifîc growth rate I is the specific growth rate at infinite substrate

concentration; Q is the cell quota of the limiting nutrient; andkq is the subsistence



quota, Q at ¡r - 0. The Droop relationship between growth rate and internal

concentration is the basis for nutrient status measurements based on cellular

composition. Figure i.1, taken from Healey and Hendzel (1980), shows that in p- or

N-limited cultures five diffe¡ent species of f¡eshwater algae exhibit increasing cell p

or N relative to cell C with increasing P- or N-iimited growth rate. In the same way

that the composition of a cell can be an indicator of nutrientlimited growth, some

metabolic cellular processes have been identified that are reliable indicators of

nutrient-limited growth. For example, the enzyme alkaline phosphatase is induced in

algae under conditions of P-deficiency in steady state culture (Healey and Hendzel

1980). Potential or nutrient-saturated rates of uptake of N or p in N- or p-limited

culture were similarly demonstrated to have an inverse relationship to growth rate in

many species of freshwater algae in culture (Healey and Hendzel r979a).

rn nature, the cellular growth rate may be only one of many factors

controlling the growth of the phytoplankton population. Population growth rare is

the sum of growth and loss rates for each species in the community. The following

equation describes the population growth rate:

ff=vN-k*N-kJ,t-k¡t-k{ (1.3)

where dN/dt is the population growth rate, N is the abundance of a phytoplankton

species, ¡r is the cellular growth rate, k* is ioss due to dilution, k" is loss due to



Figure 1. 1. Particulate dry weight, N, and p per unit particulate C as a

function of P- and N-limited growth rates. Scenedesmus

quadricauda (C ), Chlamydomonas reinhardi (C ), Anabaena

variabilis $), Pseud,oanabaena catenata (*), Cryptomoruß erosa

( n). Horizontal broken lines indicate division points between no

(N), moderate (M), and extreme (E) N or p deficiency based on a

literature survey (from Healey 1975).
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sinking, k, is loss due to death, and a, is loss due to grazing. Although cellular

growth rate is the only variable in the population growth rate equation that can be

estimated from nutrient status measurements, inferences can be made concerning the

other variables in the population growth rate equation once some indication of the

cellular growth rate is known. For example, if nutrient status measurements indicate

extreme nutrient-def,rciency which in turn indicates a low cellula¡ growth rate, then it

becomes clear that in order for the population to be maintained, loss factors must be

low and population growth rates will be low and approximate cellular growth rates.

If cellular growth rate is high and populations are low, this indicates loss factors are

important in controlling the population growth.

Factors Modifying Nutrient Status

Factors that affect phytopiankton nutrient starus directly include light (light-

limitation can repiace nutrient-limitation (Healey 19g3; Guildford eL al. lggl:

Pennock and Sha¡p 1994)), nutrient supply (the lower the concentrarion of the

limiting nutrient, the more nutrient-deficient the algae (Healey lg75)) and nutrient

supply ratio (different nutrients may be limiting at different supply ratios (Healey and

Hendzel 1980; Tilman 1982; somme¡ 1989; Hendzel et al. 1994). These direct

effects are clearly demonstrable in culture. In steady state culture, inputs equal

losses and the phytoplankton nutrient status is balanced in relation to these steady

state inputs and losses (at either high or low relative growth rates). In nature, it has

been suggested (Harris 1986) that nutrient status measurements will not be useful
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because steady state conditions are rare and high variability of individual factors will

arow multiple factors to become important in controlling phytoplankton growth.

However, the measurements used can be just as easily indicative of the rapidly

changing conditions of a batch culture entering or leaving nutrient deficiency. Their

utility is not dependent on steady state conditions. some clea¡ demonstrations of

individual factors affecting phytoplankton nutrient status have been demonstrated in

nature' At the Experimental Lakes A¡eas in northwestern Ontario, manipulation of

TN:TP in whole ecosystems demonstrated that nutrient ratios affect nutrient status

(Healey and Hendzel 1980). At Southern Indian Lake, a rese¡voir in northern

Manitoba, changes in nutrient supply and mean water column light intensity affected

phytoplankton nutrient status (Hecky and Guildford 1gg4; Guildford et al. 1gg7).

These were both natural environments and not in true steady state but the factors

affecting nutrient status were strong enough that clear patterns were seen.

Temperature can control phytoptankton growth in culture when light and

nutrient supply are adequate (Eppley 1972; Healey 1983) but in narure, remperarure

limitation of phytoplankton growth rates is difficutt to demonstrate due to inability to

eliminate potentially limiting and interacting factors such as light, nutrients and

grazing' Temperature in freshwater and temperature and salinity in seawater are

major forces determining whether the water column is stratified, the depth of

stratification and how long stratification remains intact. For example, tropical lakes

have deeper mixed layers than temperate lakes of comparable size. Wind, pressure

changes and currents also affect stratification. Stratification affects both light and



1

nutrient supply. In a shallow mixed layer, mean water column light intensity will be

much higher than a deep mixed layer (Hecky and Guildford 1934) for the same light

extinction coefficient; thus, shatlow mixed layers a-re more likely to contain nutrient-

limited phytoplankton and deep mixed layers are more likely ro conrain light-limited

phytoplankton. Density stratification acts as a barrier to the transfer of nutrients

from nutrient-rich deep water to nutrient-poor upper mixed layers. Wind events,

spring warming, fall cooling, the presence of ice at higher latitudes all affect nutrient

status by affecting nutrient supply from deeper waters.

Nutrients are supplied externally in runoff and precipitation with the influence

of runoff decreasing with distance from the tand mass. Certain forms of the nutrients

carbon and nitrogen, such as CO, and N, can be fixed directly from the atmosphere

in addition to being supplied in other forms in runoff and precipitation. The geology

of the land will determine the ratio of nutrients near land, while the ratio of nutrients

in precipitation and vertical mixing will be important offshore. The othe¡ important

source of nutrients, and by far the most difficult to quantify, is regeneration. If the

only source of nutrients to phytoplankton was external, as in steady state cultures, it

would be straightforward to measure the ambient nutrient concentrations and make

predictions about what nutrient will limit phytoplankton growth and to what extent.

In nature, regeneration by and differential loss of nutrients to bacteria, protozoa,

zooplankton and fish and algae themselves make quantifying nutrient supply rates

and nutrient supply ratios very complex. That is why nutrient status measurements

are useful. The measurements are usually designed to address the cell or cellular



processes rather than the external concentration of nutrients. It is important to

distinguish cellular and cellular process-based nutrient status measurements from

enrichment bioassays. Once phytoplankton has been removed from its in situ

envi¡onment and placed in a container (even in very large container), nutrient

regeneration processes are affected (Hecky and Kilham lgSg).

Uses of Phytoplankton Nutrient Status Measurements

Phytoplankton nutrient status measurements indicate the specific nutrient or

nutrients controlling phytoplankton growth (Healey and Hendzel 1980; Hecky and

Kilham 1988; suttle et al. l99l). Knowledge of which nurrienr is rhe growrh

limiting nutrient for algae in a lake or coastal area is critical for managing water

quality and the control of nuisance and toxic algae (Schindler 1977; Sakshaug and

olsen 1986; Lean 1987; Harrison et al. 1990a; smayda 1990; Lohman and priscu

1992; Carmichael 1992; Joint and Pomroy 1993). Nutrient starus measuremenrs can

be used to demonstrate a lack of nutrient-deficiency and indirectly support evidence

for limitation by other factors such as light (Hecky and Guildford 1gg4; Guildford et

al. 1987; Agusti et al. 1990; Pennock and Sharp 1994). Nutrient sratus

measurements can be used to understand and make predictions about the outcome of

competition between different phytoplankton species (van Donk and Kilham 1990;

Sommer 1988, 1989,1993) because they are an expression of relative growth rates

when phytoplankton is nutrienriimited (Hecky and Kilham 198g). Changes in cell

biochemical composition brought on by nutrient-deficiency will influence the transfer



of energy and food quality in the food web (Harrison er al. 1990a; smith r99r;

Urabe and'Watanabe 1992: Sterner et al. 1993). Phytoplankton nutrienr status,

through its control of growth rate and cellular composition, influences the

accumulation of organic contaminants in the food web (Taylor et at. 1991;

Swackhammer and Skoglund 1993) and the responses of phytoplankton to toxic

metals (Creed et al. 1990; Twiss and Nalewajko 1992).

Thesis Format

Each chapter in this thesis follows the central theme. Phytoplankton nutrient

status measurements are examined along a physical and./or chemical gradient in

nature to determine factors controiling phytoplankton growth. In the first paper

(Chapter 2), phytoplankton nutrient status is examined in lakes of different size. The

lakes' all located in northwestem Ontario, were chosen to be as similar as possible in

terms of external nutrient loading and ratios. The size range extends from a 29 ha

lake to Lake Superior which is 82,300 kmz and the world's largest lake in terms of

area. The gradient in Chapter 3 is both chemical and physical. Nutrient status

measurements were made along transects in a large coastal embayment on the south

shore of Nova Scotia. The transects ran from shallow very nearsho¡e sites to deeper

sites offshore but still in the embayment. Some of the nearshore sites were sites of

aquaculture activity which provided a nutrient suppty gradient. Chapter 4 is also

coastal marine but the location is Barrow Strait in the Eastern Arctic. The

comparison here is stratified and unstratif,ied conditions controlled by melting and
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moving pans of ice. In chapter 5, a transect from the Roseway Bank on Nova

Scotia's Continental Shelf across the Continental Slope and Gulf Stream to the mid-

ocean gyre of the Sargasso Sea provides a large gradient in physical energy and both

nutrient supply and nutrient ratios. Chapter 5 concludes with a comparison of the

North Atlantic transect and the Northwestern Ontario Lake Size Study (NOLSS)

described in Chapter 2.

Authorship

The NOLSS study (chapter 2) is a long rerm multidisciplinary study. I

participated in the field work and performed most of the nutrient status

measurements, data analysis and interpretation for this paper, but the physical,

chemical and photosynthesis data were provided by several of the co-authors.

Chapter 2 was published in the Canadian Journal of Fisheries and Aquatic Science,

Vol' 51 , 1994' Chapter 3 was published in Toxic Phytoplankton Blooms in the Sea

edited by T.J. Smayda and Y. Shimizu (1993). Dr. Robinson provided guidance in

interpreting the large multivariate set of data from the NOLSS study as well as the

Arctic manuscript' Dr. W.G. Hanison, my co-author on the North Atlantic paper,

provided guidance during the data collection and made ancillary chemical and

physical data available.
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Chapter 2

Effects of Lake Size on Phytoplankton Nutrient Status



T2

Abstract

Phytoplankton nutrient status measurements (carbon [C] :phosphorus[p],

c:nitrogen[N], c:chlorophyll [chl], N:p, alkaline phosphatase activity, and N debt)

were measured for 6 yr in seven remote Canadian Shield lakes and for 2 yr in lakes

Nipigon and Superior. These lakes form a logarithmic series in surface area from 29

ha to 8.223 x 106 ha (Lake Superior); they all strarify fully during rhe summer and

have water renewal times >5 yr. All lakes were severely P-deficient; however, the

large lakes (>2000 ha) were consistently less P-deficient than the small lakes.

Chemical factors (total P and dissolved organic C) were good predictors of chl

concentrations, but physical factors systematically related to lake size (temperature

and mixed depth) were equally good or better predictors of nutrient status.

Decreasing mean water column light intensity could not explain decreasing p-

deficiency in large lakes. The deeper, more energetic mixed layers in the large lakes

apparently led to more efficient within-lake cycling of P, which resulted in decreased

P-deficiency' Photosynthesis rates normalized to particulate C were used as an

indicator of relative phytoplankton growth rates. These data agreed with the nutrient

status indicators in that the small lakes had lower growth rates than the large lakes.

Phytoplankton nutrient status and growth rates determine the quality and availability

of phytoplankton as food for upper trophic levels, the sensitivity of phytoplankton to

toxic elements, and contaminant bioaccumulation in upper trophic levels. When

results of experiments or observations in small lakes are applied to large systems, it
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should be remembered that large lakes may be more efficient than small ones at

recycling nutrients, and may have less nutrient-deficient phytoplankton.

Introduction

Phytoplankton nutrient status measurements have a variety of uses. First, they

indicate the specific nutrient or nutrients controlling phytoplankton growth (Healey

and Hendzel 1980; Hecky and Kilham 19gg; sutle et al. LggD. Second, rhey are

essential for managing water quality of lakes and controiling nuisance algae

(Schindler 1977:Lean 1987; Lohman and Priscu lgg2). Third, rhey can show a lack

of nutrient-limitation in situations where factors other than nutrients (e.g. light)

control phytoplankton growth (Hecky and Guildford 1984; Guildford et al. 19gj;

Agusti et al. 1990). Fourth, they can explain competitive interactions of

phytoplankron (van Donk and Kilham 1990; sommer 19gg, 19g9, 1993) because

they are an expression of relative growth rates when phytoplankton are nutrient-

limited (Hecky and Kiiham i988). The nutrient starus of phyroplankron is also

important functionally because it determines the quatity of phytoplankton as food for

consumers (Smith 1991; Urabe and Watanabe 1992; Sterner et al. Igg3), influences

the accumulation of organochlorines in the food web (Swackhamer and Skoglund

1993; Taylor et al. 1991), and determines the responses of phytoplankton to toxic

metals (Creed et al. 1990; Twiss and Nalewajko 1992). Therefore, it is important to

understand the processes influencing nutrient status.
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A primary objective for studying phytoplankton nutrient status along a lake

size gradient was to determine whether it is appropriate to apply information from

whole ecosystem experimental studies on small lakes such as those in the

Experimental Lakes Area (ELA) (Johnson and Vallenfyne 1971; Schindler et al.

1990) and from long term ecological research (LTER) sites (Magnuson et al. 1991)

to larger lakes of social and economic interest (e.g. Laurentian Great Lakes).

Phytoplankton of small, oligotrophic lakes on the Canadian Shield is extremely

nutrient-deficient (Healey and Hendzet 1980), whereas the roie of nutrients in the

Great Lakes is more equivocal (Nalewajko et al. 1981; Hanis 1986; Fee et al. l99Z).

These differences may be a direct function of the size of the system causing

differences in physical and chemical conditions. Only by comparing lakes of similar

nutrient regimes can the physical effects of lake size be determined.

Conceptual models (Margatef 1978;Legendre and Demers 1984; Hanis 19g6)

state that phytoplankton processes should be increasingly linked to physical processes

in lakes of increasing size because large lakes have more vigorous horizontal and

vertical water motions and thus produce higher levels of turbulent kinetic energy.

An increasing number of physical processes come into play at increasing length

scales (Boyce 1974). We examine this observation by determining and comparing

phytoplankton nutrient status along a gradient of increasing lake size (28.3 ha - g.223

x 106 ha).

In order to compare lake systems of different sizes, temporal variance must

be determined and accounted for by comparative statistical analysis. Measurements
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over a range of time intervals can identify relationships or differences among lakes.

Temporal events range from short-lived phenomena such as an upwelling event

(scale of minutes to days) to longer-term events such as annual hydraulic and

nutrient loading. Low frequency events (e.g. El Nino) can only be shown to

influence biological processes if the study period is long enough to capture these

phenomena. The comparison of factors controlling biological processes on different

time scales may lead to important conclusions for lake management. The time scale

of sampling used in this study, weeks to 5 yr, neither covered very short time scales,

which can be important to phytoplankton, nor long-term events such as decadal

climatic variability, but it allowed examination of variability within and between

years' The study included some of the warmest years on record as well as average

conditions.

During the study, six lakes were sampled 10 times during each open-water

season for 6 yr and two large lakes were sampled for 2 yr, producing a total of 400

samples' The lakes were similar with respect to climate, stratification, water

residence times (>5 yr), and geology (Canadian Shield) but spanned a considerable

range of lake surface areas. The research attempted to capture the natural variability

of the study lakes, and the data may provide a benchmark for healthy ecosystems

against which suspected perturbations of nutrient cycling in impacted systems can be

evaluated.
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Methods

Study Area and Design

The nine lakes of the study are located on the Canadian Shield within the

north temperate climatic region (Fee and Hecky rgg2). only lakes Nipigon and

Superior have permanent human settlements in their basins, but these are few relative

to the large size of the lakes. The surface a_reas of the nine lakes form an

approximately logarithmic series from ELA Lake 313 (29 ha) to Lake superior

(8.223 x 106 ha) (Table 2.1).

FÍeld Sampling

The lakes were sampled from ice out (early May in the small ones) to mid

october at intervals of <3 wk from rgg6-rggr. sampling was more frequent

immediately after ice out (weekly) and less frequent after stratification in early June

(every 3 wk). Samples were usually taken at the deepest part of the lake or, for

lakes Nipigon and Superior, at an offshore location chosen on the basis of previous

surveys (Fee and Hecky 1992). Integrated whole water samples were taken over 0-3

m, and stored at in situ temperatures in the dark for 2-6 h before analyses.

Concentrated net plankton samples were collected by taking surface tows with a 10

Frm mesh net.

In situ measurements incruded light and temperature profiles. Light

attenuation was measured with a Li-Cor LI-185 underwater quantum sensor (flat
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plate, cosine-corrected collector). Daily mean photosynthetically available radiation

(PAR) in the mixed layer fi) was calculated as:

Z^¡*

{ eçz¡rçz¡az

I=I-rt0
(2.t)t z^o

I eçz¡az

where I, is the mean solar flux at the surface of the lake during the day (24 h

average), 2.,* is the mixing depth, I(z) is the fraction of the surface solar radiation

that penetrates to depth z, and A(z) is the area of the lake at depth z. I, was

calculated with simulated cloud-free solar data (Fee 1990).

Manual resistance thermometers were used to measure temperature as a

function of depth in the NOLSS lakes in 1986 and 1987 and in Lake 373 in aI

years. A free-falling temperature profiler that measured temperature at depth

intervals of =0.05 m was used in other lakes and years (R. Brancker Research Ltd.,

Ottawa, ON). Mixed-layer depths were taken as the maximum rate of change of

temperature with depth, and normally exceeded l.OoC.m-r.

Lab Procedures

Water samples were subdivided for chemical analyses, plankton identification

and counting, nutrient status measurements, and photosynthetic rate measurements.



Table 2.1. Morphometric and chemical parameters for the studied lakes. Ao, lake surface area (net water area, notincluding the area of islands), ha; A¡, area of the terrestial drainäge basin (not including the lake area), ha;(Ad+AÐ)/v, the ratio of total watershed area to lake volumer r*, nominal water renewal time, calculated fromlake volume, total watershed area, and maps of mean annual runoff, yri z^, maximum depth, m; z,mean depth,m; sLD, shoreline development (including islands in shoreline tengitr; not'äalcutated for lãkes Nipigon andsuperior because of a disparity in -tp ttãl.r); ratio of epilimnion-seáiment area to epilimnion volulme inmidsummer, rrl-1' The volume of LaÈe Nipigon was esti;ated by assuming that its area vs depth curve is thesame as Lake Superior's.

Lake 373

Green

Orange

Linge

Musclow

Sydney

Trout

Nipigon

Superior

,\
(ha)

29

89

167

706

2,220

5,750

34,700

484,900

8,223,600

Ad
(ha)

54

234

1,100

2,990

32,950

46,400

71,900

2,450,000

21,000,000

(Ad+As)/V

0.278

0.474

0.529

0.624

0.821

0.454

0.226

0.103

0.024

7,,

(yr)

13.5

8.6

7.8

6.7

5.0

9.1

n.5

25.6

180.4

z^
(m)

2t

t9

29

23

46

73

49

143

403

z
(m)

10.3

7.7

SLD

14.4

8.4

19.2

20.0

13.6

58.5

148.7

1.54

2.02

2.31

2.84

3.64

7.40

10.48

A"/V"
(m-')

0.074

0.081

0.055

0.104

0.032

0.053

0.059

0.007

0.003

H
@
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water samples were analyzed for No3, No2, NH4, TDN, (total dissolved nitrogen),

TDP (total dissolved phosphorus), SRSi (soluble reactive silicon), air equilibrated

pH, conductivity, alkalinity, and DoC (dissolved organic carbon). Unless otherwise

specified, chemical analyses were done using the methods of Stainton et al. (1977).

Chlorophyll (chl) was determined by filtering 100 mL of warer onro a GF/C filter.

GF/C filters were chosen to match existing long term data sets. The filter was

placed in a glass vial, 10 mL of 95vo methanol was added, and the vial was frozen at

-10"C in a fîeld freezer and allowed to stand overnight (at least i6 h). The extract

was agitated, allowed to settle, and its fluorescence was assayed on a Turne¡ Model

i 10 fluorometer. The fluorometer was routinely standardized with a chl solution

(sigma chemicals) the stability of which was verified using an Hp scanning

spectrophotometer. Chlorophyll was not corrected fo¡ phaeopigments. In 19g6, chl

extracts were not always mixed prior to reading fluorescence; this introduced a

serious and inconsistent bias, so data from i9g6 a¡e not reported.

Phytoplankton photosynthesis rates per unit volume at differenr light

intensities were measured using the r4c incubator method (Fee et al. 19g9).

Photosynthesis parameters (PB, and aB) and, in situ integral photosynthesis were

estimated using the computer programs of Fee (i990). PB. is the light-saturated rate

of photosynthesis per unit of chl, and sB is the slope of the chl normalized

photosynthesis vs light curve as light approaches zero (photosyntheric efficiency).

Poo, (the non normalized rate of photosynthesis at light levels optimum for
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photosynthesis) was normalized to particulate carbon (C) as an independent measure

of c turnover and was used as an estimate of relative growth rate.

Phytoplankton nutrient status measurements consisted of four seston

composition ratios (c:nitrogen [N], c:phosphorus [p], c:chl, and N:p) and two

metabolic indicators (alkaline phosphatase activity[APA] and N debt both expressed

per unit chl). During 1987, P debt and 32POo turnover time were also measured.

Particulate C, N, and P samples from both whole water and net samples (net samples

\ilere concentrated whole water samples, not dried samples) were filtered onto

preignited GF/C filters (Stainton et al. 1977) and kept frozen unril analyzed (Stainton

et aI. L917). Nutrient composition ratios were calculated on an atom:atom basis for

c:N, c:P, and N:P, and an atom:weight basis for c:chl. Because the c:chl ratio

changes with nutrient status and is used as an indicator of nutrient status no attempt

was made to make a correction for detrital carbon such as Banse (19j4).

Alkaline phosphatase activity, an indicator of P-deficiency, was measured

fluorometrically (Healey and Hendzel 1979b) using 5 FM ortho-methyi-fluorescein-

phosphate as the substrate. Parallel determinations were made of total and soluble

activities to distinguish between APA associated with particles and ApA in solution;

the soluble activity was that passing through 0.2 pm filters. The diffe¡ence is

reported as particulate activity. APA was routinely normalized to chl a; however,

APA was also normalized to Poo, as a biomass-independent nutrient status indicator.

The N debt assay was used in conjunction with particulate C:N ratios to

determine N-deficiency. The assay is based on rhe work of Healey (1977) who
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demonstrated that several species of algae took up more ammonium (NH.) in the

dark than when N-deficient than when N-sufficient. For the N debt assay, 100 mL

of unfiltered sample was enriched with ammonium chloride to yield a final

concentration of =5 pM N. Ammonium was measured (stainton et al. 1977) on

triplicate subsamples at the beginning and end of the incubation. Samples were

incubated in the dark at room temperature (18-24 "C). Dark incubations were done to

standardize and it was felt more energy would be available for ammonium uptake in

the dark Nitrogen debt was calculated as the nutrient removed over a 24 h period

per unit of chl (Healey 1977). Nitrogen debt values for lakes Nipigon and Superior

are not reported because of methodological problems with the NHo* analysis.

Phosphorus debt was measured in a similar way to N debt except that potassium

dihydrogen phosphate was added (final concentration 5 FM). Soluble reactive

phosphorus (SRP) was measured on triplicate subsamples passed through GF/C filters

(Healey 1975). Phosphorus turnover times were measured using 32p following the

method of Lean and Nalewajko (i979). Statistically significant agreemenr exisred

among the th¡ee P-deficiency indicators (APA, P debt and 32poo3-turnover 
times),

confirming that all three physiologicatly based merhods agreed on the p nutrienr

status in these lakes (SJG and LLH, unpubl. data). In subsequent years, p nutrient

status was measured using APA per unit chl. Elemental composition of the seston

was measured using both whole water and net samples over the duration of the

study. Paired t-tests of the ratios indicated that there was no significant difference

between the two types of samples (SJG and LLH, unpubl. data). The limits for the
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various types and degrees of nutrient-deficiency indicated by both the seston

composition ratios and metabolic assays are given in Table 2.2 (Healey and Hendzel

1980).

Data Analysis

Data were ln- or ln+l-transformed to achieve more norïnal distributions and

variances independent of their means and to deal with zero values (N debt data)

(Elliott 1983; Hanna and Pete¡s 1991). Bafiett's test (Steel and Torrie 1960) was

used to test the hypothesis that variances were homogeneous (HGV) and analysis of

variance (ANOVA) was used to test the hypothesis that means were equal. When

the assumption of HGV was not met, 0.001 was chosen as the probability below

which both hypotheses were rejected. When ANOVA results indicated means were

not equal, further comparisons were conducted using Tukey HSD multiple

comparison tests (Steel and Torrie 1960). Relative contributions of lakes, years,

months, and unexplained variance to the total sums of squares for each variable were

calculated from ANOVAs.

Principle components analysis (pcA) was done on ln-transformed,

standardized data. The data were standardized because the variables encompassed a

wide range of scales. Data were standardized for each variable by subtracting the

mean and dividing by the standard deviation (SD). This resulted in all va¡iables

having a mean of 0 and an SD of 1. PCA was done on a correlation matrix of the

annual means (June 1 - September 30, unless otherwise stated) fo¡ each lake. V/e
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Table 2.2. Values indicative of presence or absence or degree of nutrient-
deficiency for nutrient status indicators used in this study (from Healey
and Hendzel 1980). C, carbon; N, nitrogen; p, phosphãrus; cru,
chlorophyll a; ApA, alkaline phosphatase activiry.

Indicator Nutrient No deficiency Moderate
deficiency

Extreme
deficiency

C:N"

C:P"

C:chlb

(APAchl-1¡c

N:Pu

N debtd

P debf

N

P

NorP

P

P

N

P

8.3-14.6

t29-258

4.2-8.3

0.003-0.005

Deficient

>22

> 0.15

> 0.075

>14.6

> 258

> 8.3

> 0.005

< 8.3

<129

<4.2

<0.003

No deficiency

<22

< 0.15

<0.075

a

b

d

e

atomic ratio
pmol C:pg
particulate APA, ¡^rmol p.pg chl-l.h-'
¡rmol N. pg chl-l

¡rmol P'pg cH-t
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hypothesized that nutrient status (and other biological variables) are a multivariate

function of the physicat and chemical va¡iables in a lake. If lakes are ordinated

along multivariate axes for physical and chemical va¡iables, then it should be

possible to correlate nutrient status variables (and other biological variables) against

these axes. The variables used in the pcA were: total phosphorus (Tp), total

nitrogen (TN), soluble reactive silicon (Srsi), dissolved organic carbon (Doc),

alkalinity (Alk), temperature (Temp), light extinction (Ext), and z^,*. va¡ious

rotations were tried and the Quartimax rotation was selected because it gave the best

separation of variables. Statistical analyses we¡e done using SYSTAT (Wilkinson

1990).

Results

Natural Variability

For all but two of the variables (PB, and oB¡, the majority of the explained

variation was caused by lake-to-lake differences (Table2.3). Biological variables

(except chiorophyll a) had higher proportions of unexplained variation than the

chemical and physical variables. No consistent increase or decrease in variation was

observed among years for seasonal means of biological, chemical, and physical

variables with changing lake size (Fig. 2.1).

Plots of the geometric means (+95Vo confidence intervais [CI]) for the 5 yr of

data for each variable and lake against log,o lake size (Fig.2.2A, B) emphasized

trends apparent in Tabre 2.3. Total nitrogen, Tp, srsi, Doc, arkarinity, extinction,
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Table 2'3. Percentages of the total sums of squares for four categories: lake, year,
month, and unexplained. APA'chl-r = alkaline phosphatase activity
per unit chlorophyll a, (p.Mp- pg chl.h-r); the elemental ratios c:p,
c:N, and N:P are molar ratios; c:chl : carbon:chlorophyll a (¡rM:p.g);
N debt : nitrogen debt per unit chlorphyll a, (pM N. ,S-.t t-t¡:' chl :
chlorophyll a, (pg.L-'), æ = rhe slope of the light-timiieo pal of the
photosynthesis-light curve normalized to chlorophyll a (p.g c.¡rg c¡¡-r.
Ein-l'm2); PB, : the maximum rate of light saturated phõtosyniresis
normalized to chlorophyll a (p"g C. pg chl-r. h-r); popt. C-r : the
maximum rate of light saturated photosynthesis normalized to particulate
carbon (pMC. h-t.¡rM C); Tp : roral phosphorus (¡¿M); TN : rotal
nitrogen (pM); SRSi : soluble reactive silicon (¡¿MI Alk : alkalinity
(¡¿Eq.L-1); DOC : dissolved organic carbon (¡rM); I : mean water
column light intensity in the mixed layer (mEin. m-2. minr); Temp :
temperature ("c); z^\^: mixed depth (m); Ext = light extinction
coefficient (m-t); Secchi : Secchi disk depth (m).

Lake Year Month Unexplained

Biological
APA.chl-r
C:P
C:chl
C:N
N:P
N debt
chI
æ
Ptt
Popt.C-l

Chemical
TP
TN
SRSi
Atk
DOC

Ph5;ical
I
Temp
Z^o
Ext
Secchi

43
51

29
60
79
82
18

57
81

47

26
15

15

0
5

4
6
0
5

1

5

1

8

2
0

1

0
0
0
1

40
10

9

1

6

15

4
9

8

4
1

7

25
T2

2

4
1

J

0
2

2
8

7

1

1

38
39
62
27
t6
12

74
9

5

51

69
84
90

100
92

43
40
43
88
77

15

42
41

9
17



Figure 2.1. coefficient of variation for seasonal means (June 1 - september 30,

1987-199r) for biological, chemical, and physical variabies plotted

as a function of lake size. Lakes Nipigon and superior are not

included. Abbreviations as in Table 2.3.
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Figure 2.2. A: Seasonal means and 95vo confidence intervals (cl; vertical bars)

for biological va¡iables (June I - September 30, rggT-rggD ploted

as a function of lake size. values above dashed lines indicate

nutrient deficiency (see Table 2). B: seasonal means and 95vo cls

for chemical and physical variables (June 1 - september 30, rggj-

1991) plotted as a function of lake size. Abbreviations as in Table

J.
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Secchi depth, and chlorophyll a (Fig.2.2A, B) have strong lake-to-lake variarion and

narrow CIs. The remaining variables have wider CIs but, except for pB. and d,B,

more lake-to-lake than within-lake variation is still evident. The Iakes are different

from each other for most variabres (ANovA, p<0.001 ; Tabre 2.4). However, Tukey

HSD multiple comparisons for individual variables (not given) indicated no

consistent pattern in the lake-to-lake differences.

Phytoplankton Nutrient Status

Nutrient status indicators for P (APA.chl-r, C:P, and N:p) indicated that all

nine lakes are strongiy P-deficient (Fig. 2.2A). Carbon:chl, often used as a general

nutrient status indicator (Healey and Hendzel 1980), had a pattern similar to the p

nutrienr sratus indicarors (Fig.2.21\). Nitrogen debt and c:N (Fig. 2.2A) indicated

that the smallest lake,373, also bordered on extreme N-deficiency. The remaining

lakes were moderately N-deficient according to the C:N ratio but were not usually N-

deficient using N debt data, although the spread in the cls showed that N debt

occurred occasionally in all of the lakes. An almost linear relationship appeared to

exist between nutrient-deficiency indicators and lake size for the five smallest lakes

in the size series (373, Green, Orange, Linge, Musclow) but the relationship became

nonlinear as the larger lakes were included (Fig. Z.ZA).



Table 2'4' Five year geometric means of biological, chemical and physical variables (June I - September 30, lggT-LggD.Lake names are abbreviated to their first th¡ee letters (sãe Tabte l). Abbreviated variables and their units as inTable 3' HGV : Bartlett's test for homogeneity of variance, ANOVA : analysis of variance.

Biological
APA.chl-'
C:P
C:chl
C:N
N:P
N debt

chl

aB

DBrm
Pop,'C-l

Chemical
TP
TN
SRSi

Atk
DOC

Physical

I
Temp

Z^i*

Ext
Secchi

373

0.126
434

40

13.8

31.5

0.33

0.82
3.06

2.55

0.006

0.17
15.2

23.9

176

308

16.06

19.70

5.26

0.284
7.0

Gre

0.102
439

29

12.4

35.5

0.14
1.83

3.61

2.45

0.007

0.24
22.5

8.1

187

507

10.93

18.89

5.71

0.456
4.4

Ora

0.083

386

t9
tt.4
33.9

0.13

2.73

3.50
2.18

0.010

0.27
23.4
26.6

374

666

7.16

18.88

5.78

0.613

3.7

Lin

0.050

340
t7

tl.2
30.3

0.08

3.51

4.13

2.52

0.o12

0.33

25.8

14.8

220

602

7.4
18.39

7.tt
0.615

3.4

Mus

0.030
269

t3
10.2

26.4
0.10
4.17
4.42
2.51

0.016

0.40
28.2
5.2

352
719

5.05

17.88

7.72
0.614

3.6

Svd

0.035

268

15

11

24.5

0.05

2.79

3.93

2.37
0.014

0.32
22.2
2.5

300

523

6.99
17.47

7.89
0.478

4.8

Tro

0.059

302
20

lt.2
27

0.12
1.76

3.91

2.6
o.012

o.24
15.5

33.3

562

322

7.77
16.01

12.44

0.345

5.7

Nip

0.026
234

12

8.9
26.3

NA
2.38

4.04
2.74

0.019

0.25

17.5

49.0

1395

407

6.12

13.81

11.57

0.439

5.2

sup

0.067
390

29

10.4

29.8
NA
0.89
3.22

1.92

0.009

0.15

28.5

39.9

796

146

8.63

8.83

24.37

0.174
t2.0

HGV

0.006
0.273

0.000
0.000
0.003

0.000
0.106
0.009
0.082
0.000

0.000
0.000
0.000

0.007
0.000

0.875

0.000
0.000
0.002
0.025

ANOVA

0.000
0.000
0.000
0000

0.000

0.007
0.000

0.005
0.121
0.000

0.000
0.000
0.000

0.000
0.000

0.000
0.000
0.000
0.000
0.000

t\l
\o
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Chlorophyll a and Photosynthesis

Mean chl ¿ concentrations were all in the oligotrophic range (<7.0 ¡rg.L-Ì)

(Marshall and Peters 1989). Chlorophyll ø showed a mirror image to the partern of

the P-deficiency indicators (including those not normalized to chl): an almost linear

increase with increasing lake size for the five smallest lakes but then a decrease in

the larger lakes (Fig. 2.2A). only the photosynthetic parameters, pB, and ü,8, didnot

vary significantly among lakes. Tests of the hypothesis that no lake-to-lake

differences exist in means for each variable indicated that only pB., cf,B, and N debt

had probabilities >0.005 that their means were equal (Table 2.4). poo, normalized.to

particulate C and APA normalized to Poo, Gig.2.2A) exhibited the same distribution

over lake size as the nutrient status indicators, i.e. a linear change with size in small

systems, and a plateau or reversal at larger sizes.

Chemical Variables

Total P (Fig.2.2B), like chl aand the P nutrient status indicators (Fig.2A),

increased with increasing lake size for the five smallest lakes, but decreased in the

larger lakes; Lake Superior had the same mean TP as Lake 313. The mean TN trend

was similar to that of TP except that Lake Superior had the highest TN. Green,

Musclow, and Sydney lakes had low Si. The DOC trend was simila¡ to Tp, whereas

alkalinity increased with lake size (Fig. 2.ZB).



31

Physical Variables

Temperature and Z^,* were clearly size related (Fig. 2.28). Light extinction

remained relatively constant within each lake (Fig. 2.28) and was highly correlared

with DOC (Fig.2.3), indicating that DOC is an effective atenuaror of pAR in all rhe

lakes. I, which is calculated from extinction andZ^i*, was not related to lake size;

the smallest(373, Green) and largest (Superior) lakes had the three highest mean

water coiumn light intensities (Fig. 2.28). The lowest mean I occurred in Musclow

Lake, which also had the lowest extinction value and highest Doc.

Principle components Analysis of the physicat chemical variables

The first principle components axis (PCA1), which explained 4lVo of the total

variance, primarily contained Ext, Tp, and Doc (Fig.2.4, Tabte 2.5). pcLz, which

primarily contained Alk, Z^i^, and Temp explained 33Vo of the total variance. pCA3

(SrSi) and PCA4 (TN) each explained IIVo of the variance. The pCA analysis

revealed that different years grouped tightly togerher for individual lakes (Fig. 2.4),

supporting the fact that variation caused by year-to-year differences was much less

important than the lake-to-lake differences for the variables measured (Table 2.3).

The highest loadings on pcAl (Ext, Tp, Doc) were essentially chemical

variables; although Ext is a physical measurement, Ext is highiy cor¡elated to the

chemical variable Doc (Fig. 2.3). Two of the th¡ee highesr loadings on pcA2

(2,n,*, Temp) were physical variables. In these iakes, Temp attd z^,*were correlated

with lake size (r=0.941, P<0.001, n=9 and r=0.g09, p<0.01, n=9, respectively), so a



Figure 2.3. Relationship between dissolved organic carbon (Doc) and light

extinction in the nine study lakes. values are seasonal means (June

1 - september 30, 1987-1991). The first cha¡acter of each symbol is

the first letter of the lake name, except for Lake superior (Su). The

ietters are followed by the years (86 = 6, B'l = 7, etc.)
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Figure 2.4. Lake-year loadings for the first four axes of the principal

components analysis. The first character of each symbol is the first

letter of the lake nalne, except for Superior (Su). The letters a¡e

followed by the years (87 = 7, 8g = g, etc.)
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Table 2.5. Principal component (PC) analysis of a correlation matrix of the annual
means of eight selected chemical and physical variables from the nine
study lakes. Other abbreviations as in Table2.3.

PC3PC1

Rotated loadings

Ext

TP

DOC

Alk

Z^i^

Temp

SRSi

TN

0.955

0.918

0.913

0.037

-0.289

0.414

-0.408

0.494

-0.225

0.042

-0.345

0.918

0.910

-0.836

0.240

0.105

-0.061

0.277

0.021

-0.247

0.075

0.012

-0.857

0.159

0.908

17.345

0.098

0.050

0.082

-0.174

0.06i

-0.290

-0.t42

0.841

0.864

10.791

Variance explained by rotated Ioadings

3.254 2.611

Percent of total variance explained

40.674 32.631
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good correlation existed between tog lake area and pc1iz (r=0.966, p<0.001). This

correlation was strengthened by the fact that alkalinity was higher in the large lakes

than in the small ones. Large lakes on the Canadian Shield may be enriched by

carbonate minerals; the larger the watershed the higher the probability of

encountering glacial deposits that yield carbonate alkalinity (Fee and Hecky 1ggz).

PCA3 was dominared by sRSi (Fig. 2.4); Green, Musclow, and sydney lakes

had distinctly lower SRSi concentrations than the other lakes (Table 2.4). pCA4 was

dominated by TN; Trout Lake, Lake Nipigon, and Lake 373 had the lowesr mean TN

concentrations, whereas Lake Superior had the highest.

Relationship of Biotogical to physical chemical variables

If the biological variables are a function of the physical and chemical features

of the lakes, then a relationship should be evident between the biological va¡iables

and the PCA axes (especially PCAi and PCA2, which accounted for most [74Vo) of

the physicaUchemical variance among lakes). Chlorophyll a was highly correlated

with PCA1, the largely chemical axis (r=0.912). Addition of pcA2, the physical

axis, yielded a slightly improved correlation (r=0.92Q. Nutrient status indicators,

APA'chl-r, C:P, C:N, and C:chl were more highly correlated with the multiple linear

combination of PCA1 + PCAZ than with either axis alone (Table 2.6), as were

%o,C-t and APAPoo,-r. PBn' and cx,B were not strongly correlated to either or both

axes, which is not surprising since they did not exhibit significant lake-to-lake

differences.
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Discussion

Natural Variabitity

Most of the variability in the data within the open-water season over the 5 yr

studied was caused by lake-to-lake differences rather than yearly or monthly

differences (Table 3), despite the fact that the study area experienced hot, dry years

(1987,1988) and extremely weryears (1990, 1991; Fig.2.5). Hanna and peters

(T99r) reported similar results in their study of 16 lake basins located in a uniform

climatic and geologic region. Total P and chl ¿ variance was much greater among

lakes than among times (years, sampling dates) or sampling protocols. The low

seasonal variability relative to interlake variability in our study can be partly

attributed to the oligotrophic nature of our study lakes (cf. eutrophic lakes, Marshall

and Peters 1989).

Site replication can be a minor source of variance (Hanna and peters IggI)

but this was not addressed in the study. Low year-to-yeff variability and significant

interlake differences (Table 2.4) indicate that bioiogical variables are annually typical

in the iakes, and that few samples are necessary to characterize nutrient status for

lakes of this region.

The NOLSS study originally hypothesized that natural interannual variability

is an inverse function of size (Fee and Hecky 1992), based on the assumption that

large bodies of water would be more buffered than small ones against extreme

events' However, the coefficient of variation for nutrient status, and chemical and

physical variables showed no tendency to decrease with increasing lake size (Fig.
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Table 2'6. Correlation coefficients between the annual means of the biological
variables and the scores for each lake year from the principal
components (PC) analysis of the physical and chemical vaiiables
described in Fig. 2.4 andTable2.5. Columns I and Z are the simple
correlation coefficients between the biological variables and the
chemical (PCl) and physical (pc2) axes. column 3 is the multiple
linear correlation coeffieicnt between the biological variabl.r und pC1
+ PCz. x : P<0.05; *x = p<0.01. *** : p<0.001.
Abbreviations as in Table 3.

PC1 PC1 + PC2

APA.ChI.l

C:P

C:Chl

C:N

N:P

N debt

ChI a

cuB

DBrm

Popt'6-t

APA'Popt-l

I

-0.462**

-0.386*

_0.623***

-0.426**

-0.202

_0.601 ***

0.972**x

0.27

0.002

0.597***

0.512**

_0.739x**

-0.471**

_0.699***

_0.606***

_0.633x**

-0.495x*

0.113

0.149

0.124

-0.t23

0.513**

0.482{-*

_0.571**x

0.705**x

0.799{ß**

0.869r*x

0.763**r

0.525**

0.602***<

0.924***

0.297

0.r23

0.797***

0.752/ß**

0.934*x*



Figure 2.5. Monthly mean air temperature (top panel) and monthly mean

precipitation (boftom panel) ar Red Lake, onrario for 19g7-199i.

The solid horizontal line for each month represents the long-term

(1950-i98 1) monthly mean.
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2.1), although data from Lakes Nipigon and superior, the two largest lakes, were

incomplete and were not included. Fee et al. (1992) also found no relationship

between interannual variability of pB, and crB and lake size.

The biological variables, with the exception of clú, a, had a high proportion of

unexplained variation (Table 2.3), probably because of analytical error and

inappropriate sampling scales. Analytical enor is high because the biological

variables are mostly ratios (to correct for biomass), and effors inherent in the

dividend and divisor are included in the quotient. The spatial and temporal scales of

tri-weekiy sampling at one station are not directly relevant to the scale of

phytoplankton cellular processes (Reynolds 1984; Hanis 1986) because significant

changes can occur on a daily basis over short distances. In spite of the large

unexplained variation, all but three of the biological variables were significantly

different among lakes (Table 2.4).

Phytoplankton Nutrient Status

AII nine lakes were extremely P-deficient, according to the criteria suggested

by Healey (L975); inferred growth rates were row (<zTvo of maximum). ApA.chl-r

values were >0.005 FM P'¡rg chl-t.h-r, c:p seston ratios were >25g (except Lake

Nipigon: 234), and all N:P seston ratios were >22. The assignment of extreme p-

deficient status was based on 5 yr mean values for June 1 - Septembe¡ 30. V/ithin

seasons' P-deficiency ranged from none to extreme (Fee et al. 1989). In spite of the

extreme P-deficiency in all lakes, consistent differences were evident in the degree of
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P-def,iciency among lakes. The three smallest lakes were always more strongly p-

deficient by alt indicators rhan rhe remaining larger lakes (Fig. 2.zA).

Similar degrees of P nutrient status were observed from seasonal studies done

on epilimnetic samples from other stratified Canadian Shield lakes. Healey and

Hendzel (1980) reported extreme P-deficiency in seven lakes in the ELA using

similar indicators (ApA'chl-t, c:p, N:p seston ratios, p debt). Lean et al. (19g7) and

Pick (1987), using phosphate turnover times, the phosphate deficiency index (pDI),

and total APA, classified offshore station 403 of Lake ontario as strongly p-deficient

throughout the stratified period; they also showed that the smaller (500 ha) Sharpes

Bay on Jacks Lake, Ontario, was much more strongly P-deficient than Lake Ontario.

Ca¡bon:nitrogen atomic ratios indicated that ali the lakes we¡e moderately N-

deficient. Mean N debt values indicated that only Lake 313 was N-deficient. The

composition ratios gave a different impression than the metabolic uptake

measurement of N status. Composition ratios indicated that N as well as p was in

short supply in the lakes. However, C:N composition ratios indicate only moderate

N-deficiency and N debt values were rarely in the range indicative of N-deficiency

(Table 2.2). Although both N and p may have been in short supply, rhe

phytopiankton may have appeared more P-deficient than N-deficient in these iakes

because the uptake processes for these nutrients require energy, which may have

been di¡ected toward the more deficient nutrient, P, in these lakes. Co-occurrence of

P and N-deficiency as observed in Lake 373 has been reported from other ELA lakes

(Healey and Hendzel 1980) and can be expected in natural communities with a
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mixture of phytoplankton species. Suttle et al. (1991) used size fractionation

techniques and uptake rates of both P and N to conclude that simultaneous N and p-

deficiency in oligotrophic Sproat Lake, British Columbia, was caused by the presence

of two species: N-deficient Synechococcus and a P-deficient diatom. The presence of

Nr-fixing cyanobacteria and detection of Nr-fixation are other indicators of N-

deficiency. Surprisingly, the lakes that had the highest C:N ratios (373 and,Green,

which were also the most P-deficient lakes) had the lowest biomass of Nr-fixing

cyanobacteria (HJK, unpubl. data). Samples we¡e routin ely analyzed for Nr-fixation

in these lakes (acetylene reduction method) but detectable fixation in unconcentrated

samples was rarely observed. However, maximal rates of Nr-fixation were observed

in samples concentrated by a 10 pm net in Linge and Musclow lakes (Fee et al.

1994).

Although we did not conduct nutrient status measurements for Si, it was noted

that si concentrations were routinery <5 FM in Green Lake and <2 pNr in Sydney

and Musclow lakes. In the larger takes (Sydney and Musclow), where p was not as

strongly limiting as in the smaller lakes, Si was probably an intermittent limiting

factor for diatoms (Levasseur et al. 1990).
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Relative Growth Rates

Droop (1968, r9i0) described the growth rare of nutrienrlimited

phytoplankton as a function of the internal cell quota of the limiting nutrient using

the following general equation:

p=[,(t 
E, Q.2)

where ¡r is the specific growth rate; -[ is the specific growth rate at infinite substrate

concentration;8 is the cell quota of the limiting nutrient; andkq is the subsistence

quota, Q at ¡r - 0. This equation expresses the basic theory underlying several

nutrient status measurements based on seston composition ratios such as C:p, C:N,

and N:P' Application of the theory presumes that the seston ratios are representative

of living material. In Canadian Shield lakes with residence times >6 mo, these ratios

are representative of living material (Healey and Hendzel 1980; Hecky et al. i993).

Elemental ratios in seston collected on a GF/C filter were compared with those

collected with a 10 urn net. Both sets of samples were prefiltered through 200 ¡rm

net. The 10 prn net concentrates larger living cells which should have a different

ratio than whole-water seston if detritus less than 10 pn has different ratios than

living material' The comparison revealed no significant differences between the two

types of samples (paired t-test; sJG and LLH, unpubl. data), which agrees with the

results of Healey and Hendzel (19g0).
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As with the composition ratios, the metabolic measurements (ApA, p debt, N

debt) were calibrated with respect to nutrienrtimited cultures and their cell nutrient

quotas growing at different growth rates set by the limiting nutrienr (Healey 19j5;

Healey and Hendzel 1979a,1980). These uptake and activity indicators were directly

proportional to the degree of nutrient-deficiency and inversely proportional to growth

rate. Thus, lakes 373, Green, and Orange should have low relative growth rates,

whereas Musclow Lake and Lake Nipigon should have high relative growth rares,

based on the metabolic nutrient status indicators. The metabolic measurements, like

the composition ratios of natural samples, represent more than pure phytoplankton.

Our APA measurements included phosphatase activity produced by bacteria-sized

particles >0.2 Ptn. Bacterial biomass, especially in the late fall, could be double the

phytoplankton biomass (HJK, unpubl. data). Because peaks in bacterial biomass

appeared in both large and small lakes, and occurred when APA was generally low,

the trends observed in APA were probably not caused by bacterial activity.

The Droop equation predicts that growth rate varies inversely with nutrient

status. Relative rates of growth can be estimated from photosynthetic uptake rates

(Poo,) normalized to particulate C. The Poo,C-rseasonal means had a pattern that

was the rnirror image of the nutrient status measurements (Fig. 2A). Measurements

of APAchI-rand Poo,c-t were negatively correlated (r=-0.777,n=37, p<0.001, Fig.

2.6). The ratios c:P, N:P, c:chl, and c:N were arso significantly negatively

correlated to Poo,c-r (r=-0.544 to -0.g1g, p<0.001). The agreement of the two

independent estimators, APAchl-l and Poo,'C-', allowed inferences to be made about
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relative growth rates in the study lakes. The smallest lakes clearly had the lowest

relative growth rates, whereas growth rates in the larger lakes were higher although

not strictly defined by size.

It is recognized that correlated ratios each containing C cannot be considered

truly independent of each other and that measurements normalized to biomass

contain nonliving and living particles as discussed above. To neutrali ze the biomass

estimate, we compared the variable ApApop,-r among the study lakes. ApA.poe,-r

is not an established nutrient status indicator, but it is useful because it is

independent of either chl ¿ or suspended C. It is similar in this respecr to the pDI of

Lean et al (1987). APA'Pop,-r, had the same pattern as ApAchl-r and other

biomass-based nutrient status indicato¡s and was the mirror image of poo,c-r (Fig.

2'2A)' Therefore, the conclusion that nutrient-deficiency is lower and relative growth

rates higher in large lakes than in small lakes is independent of the no¡malization of

many of these indicators on biomass.

Chlorophyll - Totat phosphorus

Correlation coefficients between the biological va¡iables and pCAl (the

chemical axis) and PCA} (the physical axis) demonstrated that chl a was readily

predicted by the chemical variables. In contrast, the nutrient status and growth rate

va¡iables were best predicted by a combination of physical and chemical variables

(Table 2.6).



Figure 2.6. Relationship between the maximum rate of light-saturated

photosynthesis (Poo,) normalized to particulate carbon (c) and

alkaline phosphatase activity (ApA) normalized to chlorophyll a

(cht) in the nine study lakes. values are seasonal means (June 1 -

September 30, L987-199r). The first character of each symbol is the

first letter of the lake name, except for Lake Superior (su). The

letters are followed by the years (87 = 7, 8g = g, etc.).
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In Plimited lakes, a statistically significant correlation usually exists between

epilimnetic TP and epilimnetic chl a (Sakomoro 1966; Dillon and Rigler r974;Riley

and Prepas 1985; Molot and Dillon 1991). Total P concentration can be predicted

from annuat TP load and flushing characteristics for the lake and drainage area

(Dillon and Rigler 1975; Canfield and Bachmann l98i). These Tp-chl ¿ and Tp-

flushing relationships have been used as the basis for managing lakes (Dillon and

Rigler 1975; Canfield and Bachmann 19g1).

A highly significant correlation existed between TP and chl a in the nine

lakes of this study (Table 2.7). The C:N and N debt data indicated that N-deficiency

occasionally co-occulred with Plimitation in the lakes and I values were sometimes

below those reported to limit photosynthesis (Fee er al. 1992), so a multiple srepwise

linear regression was done using TN, I, and TP. Prediction of chl in these lakes was

improved statisticaily by including I with TP (Table 2.7) but rhe increased amounr of

variance explained by including I was minor.

PhysicaUChemical Control of Nutrient Status

The study lakes are P-deficient so it is possible that the chemical axis can

predict both cht concentrations and nutrient status indicators equally well. The fact

that significant correlations also required inclusion of physical va¡iables suggested

that the nutrient status indicators and growth rates were influenced by both chemical

and physical variables. If nutrient status was a simple linear function of Tp, then

Lake Superior would be as severely P-deficient as Lake 373 and Trout Lake would
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Table 2.7. Simple and stepwise multiple linear regression equations for the
dependence of chlorophyll a on total phosphorus (TP) and I. Data were
seasonal means for the period June 1 - September 30, 79g7-Iggl, for all
lakes except Nipigon and superior (seasonal means, 1990-1991).
Abbreviations as in Table 2.3.

Equation

log (Chl a)

log (ChI a)

: -1,.299 + L787 log (Tp) 0.876

0.906

0.001

0.001

39

39
: -0.626 + 7.437 log (TP) - 0.389 (tog)I
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be as severely P-deficient as Green Lake because the two sets of lakes have similar

mean TP concentrations (Table 2.4). In fact, the large lakes are not as p-deficient as

the small ones (Fig. 2.7). Nutrient status and growth rate estimators fo¡ each lake

plotted against PCA1 showed that the larger lakes are less nutrient-deficient and have

higher phytoplankton relative growth rates than smaller lakes with similar mean Tp.

Deep mixing (Sterner 1990) and/or high light exrinction (Hecky and Guildford

1984) in certain situations will result in light-deficiency rather than nutrient-

deficiency. However, the deep mixed depth in Lake Superior usually did not lead to

light-deficiency, nor did the high light extinction coefficient in Musclow Lake.

Other, physical effects may explain the low nutrient-deficiency in the large lakes.

The thermocline is more stable in the small lakes than in the large ones (Fee et al.

L994)' Fee et aL. (1994) calculated eddy diffusivity coefficienrs for rhe NOLSS lakes

and used vertical concentration gradients to show that little or no p is returned from

below the epilimnion during the stratified period. Nevertheless, the large lakes have

deeper and more turbulent mixed layers than the small lakes, which may result in

more efficient retention of particres in the epilimnion (Fee et ar. 1994); ronger

retention leads to improved nutrient recycling. Thus, lakes of different sizes having

similar external inputs of P in the spring would have quite different fluxes of

recycled P during the summer and, consequently, different degrees of p-limitation.

The fact that a combination of chemical (pcAl) and physical (pcA2)

variables correlate significantly with the nutrient status and growth rate variables is

an artificial but useful finding. It is artificial because it is not really possible to



Figure 2.7. Nutrient status and growth rate indicators (standardized means)

plotted against the first principal components axis (pcAi). Dotred

lines have been added to emphasi ze the separation between the

smaller (E = Lake 373, G = Green Lake, o = orange Lake) and

larger lakes (see Table i for ¡emaining lakes). Abbreviations as in

Table 3; units as in Fig. 2.
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separate chemical and physical variables in these systems. For example, we

hypothesized that physicat mixing depth influences p cycling, but it courd be the

cycling of P, rather than mixing depth, that di¡ectly influences nutrient status.

Nonetheless, for this group of rakes, a combination of physicar and chemicar

variables provided a useful classification because it described the combination of

variables that best predicted the biological va¡iables, and it showed that the factors

predicting chl (algal biomass) did not account fully for variability in nutrient srarus

(relative growth rate).

application of Resurts from smail systems to Large systems

We have shown that the TP-chI relationship holds for all the lakes of the

study' We have also shown that nutrient status, relative growth rate, and probably

trophic performance (sterner et al. 1993; Hecky et al. 1993) of the study lakes are

affected by size-related physical factors. Thus, models constructed to describe

processes in large lakes, based on information from studies on small lakes that are

highly nutrient-deficient, must take into account differences imposed on lakes of

different size by physical factors that affect within-lake nutrient regeneration.

Processes known to be dependent on algal growth rates and algal quality include

secondary production (Enright et al. 19g6; Sterner et al. 1993), sensitivity to toxic

metals (creed et al. 1990; Twiss and Narewajko 1992), and bioaccumulation of

contaminants (Swackhamer and Skoglund 1993; Taylor et al. 1991). Nutrient starus

analyses yield information about phytoplankton growth rates, and so these analyses
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provide a means of scaling models of biological processes that depend on growth

rate from small experimental lakes (Johnson and Vallentyne IgTl) to large systems,

including the Great Lakes where application of theory is most critical.
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Chapter 3

Patterns of Nutrient-Deficiency Along an Aquacultural Gradient
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Abstract

Physiological phytoplankton nutrient status measurements and physical and

chemical measurements were made in St. Margaret's Bay, Nova Scotia along a 9 km

transect from an inshore aquaculture site (12 m depth) to an offshore station (53 m

depth). Physical measurements, inorganic nutrients (P, N, and Si) and chlorophyll

concentrations showed no discernable trend along the transect or with time. Two of

the nutrient status measurements, nitrogen debt and silicon demand, consistently

differed between stations close to the aquaculture site and those offshore. Stations

near the aquaculture site were less N-deficient than the offshore stations and showed

Si uptake more frequently. Intensive aquaculture at these sites increased the flux of

N to phytoplankton even though ambient inorganic N concentrations were not

measurably affected.

Introduction

It has been suggested that toxic ma¡ine phytoplankton blooms are increasing

globaliy as a result of changing nutrient supply and nutrient ratios in coastal a¡eas

(Smayda 1990), and it has been demonstrated in laboratory experiments that toxin

production by some species of marine phytoplankton varies with nutrient supply ratio

(Boyer et al. 1987; Anderson et al. 1990; Bates er al. 1991). V/hile it has nor been

demonstrated in the f,reld that the nutritional status of the phytoplankton affects the

occurrence of toxic algal species or toxin production, the situation may be similar to

freshwater eutrophication where decreasing N:P supply ratios result in proliferation
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of undesirable filamentous blue-green algae. The underlying cause was not clearly

understood until whole lake manipulations and sensitive nutrient status measuremenrs

showed that N:P supply ratios were critical in determining species occurrence and

abundance (Hendzel et aJ- r9g4). While whole system manipulations are not

possible in marine systems, the application of sensitive nutrient status indicators is

possibie (Hecky and Kilham 1988). In this study, measurements of physiological

phytoplankton nutrient status and physical and chemical parameters were made along

a transect from an inshore aquaculture site to an offsho¡e station. The objective was

to determine whether the aquacultural activity, a point source of increased nutrient

loading, affected phytoplankton nutritional status on a local scale. The pu¡pose of

this study is not to suggest that aquacultural activity causes toxic algal blooms, but to

demonstrate the use of methods sensitive to phytoplankton nutrient status that may be

useful in understanding the causes of toxic phytoplankton blooms regardless of the

source of anthropogenic nutrients.

Methods

samples were coilected at five stations (Table 3.1) in st. Margaret,s Bay,

Nova Scotia during August and Septembe¡ 1990. (Sharaf er al. L9l0: platt et al.

1970) from 1 m and from below the thermocline, held near in situ temperatur e for 2

to 10 h and passed through a 200 ¡rm pre-filter to remove large zooplankton before

processing' No3, No2, SRP (soluble reactive P) were measured on filtered seawater

stored in the dark at 4"C (up until 2 weeks) until analyzed with an automated method



55

(Stainton et al' 1977). Stainton et aL (1977) is a freshwarer analytical chemistry

manual but the principals for nutrient analyses in freshwater are the same as for

seawater. NH* and SRSi (soluble reactive silicate) were measured on the day of

collection using unfiltered seawater (Stainton et al. Lg77). TIN (total inorganic

nitrogen) is the sum of No3, Noz, and NHo. particulate c, N, and p samples filtered

onto pre-ignited GF/c glass fibre filters were analyzed (stainron er al. Ig77). GF/c

filters rather than GFÆ filters were used to allow comparison to previously collected

freshwater data sets and to facilitate comparison to the nutrient status indicators used

in this study. Pa¡ticulate silicon samples collected on polycarbonate filters (pore size

0.2 ptn) were also analyzed (Stainton etal. 1977). Chlorophyll ø samples collected

onto GF/C filters' extracted in 90Vo methanol, were determined fluorometricaÌly as in

Stainton et al. (1977).

Cell surface alkaline phosphatase activity was measured fluorometrically

(Healey and Hendzel l9l9b). Pa¡allel determinations were made of total and soluble

activities, the soiuble activity being that passing through 0.2 p¡r, f,rlters. The

difference is reported as particulate activity. N debt was measured by adding a final

concentration of 5 PM NH4CI to 100 mL of unfiltered seawater and ¡eaving this in

darkness at room temperature for 24 h. Triplicate 10 mL samples were removed at

the beginning and end and analyzed, for ammonium (Stainron et al. 1977). N debt

was calculated as the nutrient removed over a 24 h period per unit of chlorophyll a

(Healey 1977). Silicon demand was measured in the same way, except that uptake

was normalized to particulate biogenic silicon.
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Table 3.1. Information about stations.

Station Depth Distance offshore Aquaculture activity(m) (km)

MI 15 O.Z mussel strings

AS2 11.5 0.3 salmon pens and mussel strings

ASl 13 0.3 mussel strings

4 48.6 1.g none

9 52.2 1.7 none
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Results and Discussion

Nearshore and offsho¡e stations were similar with respect to surface

temperature, transparency and presence or absence of stratification (Table 3.2). TIN,

SRP, and SRSi concentrations, usually less than 1 ¡rM (TabIe 3.2), varied with time

generally in the same direction. The stations near the aquaculture sites did not have

higher nutrient concentrations' Chlorophyll a concentrations were greater at station 9

on September 12 (Table 3.2). otherwise, there was no pattern.

The nutrient status indicators showed there was a difference between the

aquaculture sites and the non aquaculture sites (Table 3.3). Of the three inshore

stations (MI, AS1, AS2), the two most closely associated with aquaculture (AS2 and

MI) were less N-deficient and more Si-deficient than the other inshore station and

offshore stations 4 and 9. Although ambient NHo concentrations were not detectable

at the sites' the lessened N-deficiency measured at the aquaculture sites suggests a

greater rate of N loading from feeding activities or regeneration in that region. This

may be due to the large volume of water filtered by the mussels; output from the

salmon cages where fish food was added, or regeneration from the sediments. The

difference between inshore aquaculture sites and offshore sites may not be related to

the aquacultural activities alone, but to differences in offshore and inshore

hydrological features. Inshore station AS1 appeared similar hydrologically to AS2

and MI, but the density of mussel strings there was less than at AS2 or MI. This

supports the interpretation that the differences in nutrient status were a result of the

aquaculture influence rather than proximity to shore.



Table 3.2.

5B

Physical and chemical measurements at the stations. Temp is surface
temperature , zmi^ is mixing depth, secchi is secchi disk depth, Ext is
the light extincrion coefficient, TIN is total inorganic nitrogen, SRp is
soluble reactive phosphate, SRSi is soluble reactive silicon, chl a is
chlorophyll a, c:N is the molar ratio of particulate carbon and
nitrogen.

Date MI AS2 AS1

Temp ("C)

Z^i^
(m)

Secchi
(m)

Ext
(m-')

Aug 22

Aug 28

Sep 12

Sep 26
Aug 22
Aug 28
Sep 12

Sep 26
Aug 22
Ang 28

Sep 12

Sep 26
Aug 22

Aug 28

Sep 12

Sep 16

Aug 22
Aug 28

Sep 12

Sep 26
Au,g 22
Aug 28

Sep 12

Sep 26
Aug 22
Aug 28
Sep 12

Sep 26
Aug 22
Aug 28

Sep 12

Sep 26
Aug 22
Aug 28

Sep 12

Sep 26

NA
19.5

17.8
16.5

NA
5.0
15.0
11.0
NA
13.0

9.0
8.5
NA

0.136
NA

0.131
NA
0.43
0.54
0.62
NA
0.78
0.81
0.81
NA
0.90
1.46
2.22
NA
0.70
0.59
0.61
NA
9.2
12.8
NA

16.4

19.5

NA
NA
9.5
6.0
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
0.39
0.46
0.74
0.70
0.87
0.81
0.81
0.81
0.68
0.77
7.12
2.43
0.37
0.66
0.74
0.2s
tr.7
t3.6
13. I
11.7

16.6
20.2
17.3

Ls.4
4.0
4.5
12.0
13.0

11. 11

12.0
9.8
12.2

0.r75
0.159
NA
NA
0.32
0.29
0.57
0.40
0.81
0.78
0.81
0.81
0.52
0.74
1.07
1.75

0.29
0.70
0.42
0.47
tt.7
9.8
13. 1

9.0

16.r
19.0
17.2
16.0
8.5
5.0
48.6
12.0
13.0
1.4.0

12.0
72.5

0.155
0. 119

NA
NA
0.36
0.29
0.98
0.40
0.90
0.78
0.81
0.81
0.82
0.64
0.85
1.38
0.34
0.75
0.36
0.22
L3.6

9.3
TT.7

9.6

15.9
19.2
17.5

15.6
6.0
8.0

52.0
14.0
12.5

ls.0
10.0

9.s
0.182
0.118
NA
NA
0.61
0.45
0.97
0.55
1.03

0.74
0.78
0.74
0.55
0.61
1.20
1.49
0.35
0.83
1.26
0.56
13.5
9.6
13.1

10.4

TIN
(¡¿M)

SRP
(pM)

SRSi

GrM)

ChI a

Grg'L-t)

C:N
(molar)
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Samples strongly N-deficient did not exhibit strong Si uptake and samples

exhibiting Si demand were not N-deficient (Fig. 3.1). Particulate C:N ratios at all

five stations indicated moderate N-deficiency (Table 3.2). Levasseur et al. (i990)

suggested that C:N ratios were not specific for N and reported elevated C:N ratios

when physiological assays indicated either si or N-deficiency.

P-deficiency (i.e. alkaline phosphatase activity), unlike Si-deficiency, was

often present in samples exhibiting N-deficiency (Fig.3.l). It is not uncommon in

freshwater to observe indications of both P and N-deficiency in the same sample

since different species in the community may be timited by different nutrients

(Healey and Hendzel 1980; Hecky and Kilham 1988; Suttle er al. rggr). C:p rarios

(not shown) were extremely low (average 60:1 molar ratio), raising the possibility

that both mineral and biological forms of P we¡e being measured in the particulate p

digests' SRP concentrations did not reflect the substantial biomass change at station

9' This suggests that SRP measurements may also be affected by mineral p at fine

grain sizes which passed through the GF/C filters. The definition of clay sized

particles is <2.0 pm.

Smayda (1990) has cited many examples of coastal eutrophication and

associated changes in nutrient ratios in coastal waters as circumstantial evidence for

an increasing occurrence of toxic phytoplankton blooms. Several laboratory studies

have shown that toxin production can be related to physiological nutrient status

(Boyer et ai. 1987; Anderson et al. 1990; Bates er ai. 1991). This study has shown

that point sources of nutrients (mussel strings and salmon cages) resulted in less



Table 3'3' Presence or absence of N-, Si-, or P-deficiency. Frequency is the number of positive indications
of deficiency as a percent of the number of times the measúrements were made. NA means no sample.

PSi

+o+++o+oo
+++oo++++
ooo+o++oo
++++o++o+

SiN

++o
o+o
+o+
+o+
88 38 63

ASl

Si

Olo

N

NA NA NA

NA NA NA

NA NA NA

NA NA NA

75 25 75

AS2

Si

o

NA

NA

+

NANANAoo
o++++
o+oo+
+oo+o

oooooo
o+NA+++
o+NAo+o
++++o+
38 83 50 63 50 63

MI

Si

Station

Nutrient

Depth I

Aug 22

Aug 28

Sept 12

Sept 26

Depth II

Aug 22

Aug 28

Sept 12

Sept 26

Frequency

NA NA NA

o++
o++
+++
33 83 67



Figure 3.1. Si demand and alkaline phosphatase acrivity

for all stations and depths. points above the

plotted against N debt

arrows are deficient.
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N-deficient phytoplankton compared to communities away from the nutrient source.

However, the difference in nutritional status was only apparent using sensitive

physiologicai assays. Measurements of ambient nutrient concentrations and

chlorophyll concentrations did not reveal any spatial pattern. Nutrient status

indicators, such as used in this study, have the potential to provide the link between

field and laboratory studies to determine the conditions that produce toxic

phytoplankton.
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Chapter 4

Phytoplankton Nutrient status in coastal and offshore water

in the North Atlantic compared to some North remperate Lakes
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Abstract

Nutrient status of phytoplankton in the North Atlantic Ocean varied with

nutrient supply ratio and degree of water column stratification in a manner similar to

lakes' When TN:TP was high and the water column was stratified, phytoplankton

communities exhibited signs of phosphorus deficiency. Along a transect from the

Shelf water off Nova Scotia to the Sargasso Sea north of Bermuda during April, the

TN:TP ratio increased mainly driven by decreasing TP. phytoplankton biomass, as

indicated by chlorophyll concentration, decreased along the transect and nutrient

status measurements indicated no N or P-deficiency in the Shelf and Slope water and

severe nutrient-deficiency in the Sargasso Sea water. High rates of alkaline

phosphatase activity in the Sargasso Sea indicated phosphorus deficiency in the

particulate matter.

Introduction

Phytoplankton nutrient status measurements can indicate what nutrient or

nutrients control phytoplankton growth in nutrient-limited systems (Healey and

Hendzel 1980; Hecky and Kilham 1988; suttle et al. 1991). In anthropogenicaily

affected lakes, nutrient status measurements have been used to determine whether to

manage watershed inputs of nitrogen or phosphorus or both to control the occur¡ence

of nuisance algae. Similarly, in coastal areas with increasing inputs of nutrients as

the result of human activity, nutrient status measurements can be used to determine

which of the nutrients is key to controlling excessive blooms of algae such as
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Phaeocystis in the North Sea (Joint and Pomroy 1993; Sakshaug and Olsen l9g6).

In both freshwater and the sea, the occumence of toxic phytoplankton blooms has

been associated with changing nutrient conditions (Smayda 1990; Carmi chael 1992).

Phytoplankton nutrient status is an important factor in the transfer of energy and food

quality in the food web (Sterner et al. lgg3; Sterner and Hesson lgg4). Nutrient

stressed phytoplankton provide a poor ration of food for consumers (Elser and

Hassett 1994; Anderson and Hesson Igg5).

Historically marine phytoplankton have been considered to be N-deficient

(Ryther and Dunstan I97I) and most phytoplankton-nutrient interaction research in

marine systems has, until recently, focussed on N (Hecky and Kilham tggg; price et

al' 1994: Karl et al. 1995). However, as global patterns of chlorophyll and nurrienrs

have become available through the deveiopment of satellite imagery and cooperative

research programs such as JGOFS and GEOsECS (scoR 1990), it has become

apparent that in parts of the ocean, phytoplankton biomass is not solely controlled by

N availability. The pattern that is emerging is a dynamic and complex one. Fe is

thought to control uptake of N in the equatorial Pacific (Greene et aJ. 1994; price et

al' 1994) and Southern Ocean (Martin et al. 199i). Silicon has been suggesred to be

limiting in some coastal areas (Ragueneau et al. 1994) especially those

anthropogenically en¡iched in N and P relative to Si (Smayda 1990). phosphorus

cycling has been examined in coastal Hawaiian waters (Bjorkman and Karl lgg4)

and gtazer control of biomass has been the subject of many studies (Frost I99L;

Price et al. 1994).
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In freshwater, P is most frequently confirmed as the nutrient limiting

phytoplankton growth (Hecky and Kilham 1988). When N limitation exisrs in

freshwater it is linked with changes in loading ratios of N and p. This has been

demonstrated experimentally in whole lake manipulations at the Experimental Lakes

Area in northwestern Ontario (Schindler 1917; Heatey and Hendzel i980; Hendzel et

al. 1994) and in British Columbia (Suttle et al. 1991) and observed in lakes with

naturally occurring low N:P ratios (Smith 1983). A shift from p to Si-deficiency has

been observed and is correlated with anthropogenic enrichment of P and a resulting

decrease in Si:P ratios in the Laurentian Great Lakes (Schelske et al. 1986), and in

the Mississippi estuary (Dortch and Whitledge 1992).

In this study, Shell Slope and Sargasso Sea waters were collected in order to

compare phytoplankton nutrient status measurements along the transect and between

the transect and a set of similar data from a series of north temperate Canadian

Shield lakes including Lake Superior, the wo¡ld's largesr lake (Guildford et al. 1994).

Identical nutrient status measurements and ancillary physical and chemical

observations have, for the first time, been made across large gradients of spatial scale

(size in the lake study, coastal to deep ocean in the sea), maximizing the range of

physical conditions and providing a broad range of nutrient conditions. In particular,

the sampling strategy provided a broad range of TN:Tp values.

The objective of this paper is to examine the phytoplankton-nutrient status in

relation to physical and chemical conditions across the large gradients provided by

these two data sets. Nutrient status of phytoplankton growing under nutrient-limited
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conditions is an indication of growth rate (Healey and Hendzel 1980). By examining

the relationship between nutrient status and physical and chemical conditions across

such a wide range of physical and chemical conditions including lakes and the ocean,

critical factors which control phytoplankton growth can be determined.

Methods

Study Area

This srudy was parr of a Joint Global ocean FIux study (JGOFS) (scoR

1990) cruise organized by the Biological Oceanographic Division of the Department

of Fisheries and Oceans from Bedford Institute of Oceanography in Dartmouth, Nova

Scotia. The Canadian Scientific Ship "Hudson" departed Dartmouth on April 3, Iggl

and returned on April 20, 199I. The general areas sampled are indicated in Fig.4.l

and can be divided into th¡ee general categories: Shelf water, Slope water and

Sargasso Sea water based on their latitudinal and longitudinal coordinares (Fig. 4.1

and Table 4.1).

CTD Profiles

Temperature, salinity and depth measurements were done by crD (w.G.

Harrison (unpublished data). A mixed layer for each profile was estimated by

plotting the sigma t profiles and choosing the depth of grearest density change.



Figure 4.1. Sampling locations along the transect from Nova Scotia to the

Sargasso Sea (April 4 _ April 19, LggL).
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Table 4.1. values indicative of presence or absence or degree of nutrient-deficiency for nutrient status indicators used inthis study (from Healey and Hendzel 1980). C, carbon; N, nitrogen; p, phosphorus; chl, chlorophyll a; ApA,alkaline phosphatase activity. Q --7 - ' r^-v!

C:N"

C:Pu

C:chlb

(APAchlt).

N:P"

N debtd

P debf

Indicator Nutrient

b

c

d

e

N

P

atomic ratio
¡.+mol C:p,g
particulate APA, ¡rmol p.f¿g chl-t.h-t
¡^cmol N.¡rg chl-t
¡,cmol P'¡,rg chl-r

NorP

P

No deficiency

< 8.3

<129

<4.2

<0.003

No deficiency

<22

< 0.15

<0.075

P

N

P

Moderate deficiency

8.3-14.6

129-258

4.2-8.3

0.003-0.005

Deficient

>22

>0.15

>0.075

Extreme deficiency

> 14.6

> 258

> 8.3

>0.005

o\
\o
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Chemical Analyses

Dissolved nitrate, phosphate and silicate measurements were made on samples

collected by rosette with the CTD profile. Analyses were done using an Alpkem

RFA autoanalyzer (Irwin et al. 1990). Data were obtained from B. I¡win (personal

communication) and methods are described in kwin et at. (1990). Water samples for

chlorophyll and nutrient status measurements were taken primarily using a pumping

system (Herman et al. 1984), although some samples were from the CTD ¡osette.

The depths sampled for nutrient status measurements were usually chosen to

coincide with depths chosen for photosynthesis measurements. At each depth, water

was collected and filtered onto GF/C filters which were frozen for later analysis of

chlorophyll, particulate carbon, nitrogen, and phophorus at the Freshwater Institute,

Winnipeg. GF/C filters were used to allow comparisons with existing freshwater data

sets and the nutrient status indicators (Table 4.1). A comparison of the results

obtained using GF/C filters analyzed, at the Freshwater Institute (FWÐ and GFÆ

filters analyzed by the Bedford Institute of Oceanography (BIO) is given in Appendix

1. Linea¡ regression of matched pairs of BIO and FWI data indicated the GF/C filters

were missing 20 to 40 vo of the particulate material which is not su¡prising.

However, when the larger data sets were used from both Institutes the means for

each analysis were quite similar (Appendix 1). Filtrate was kepr cool and dark and

later analyzed for total dissolved N and P at the Freshwater Institute. particulate

silicate was measured on polycarbonate filters with apore size of 0.2 ¡rm (Stainton,

unpubl. data)' Chlorophyll was analyzed. as described in Guildford er al. (1994) and
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particulate c, N, and P as in srainron er al. (1977). Toral N (TN) and rorat p (Tp)

are the sum of the total dissolved and particulate fractions. NO, measured at the FWI

and BIO were highly correlated (Appendix 1) but the FWI values were lower. SRSi

was higher at rhe FWI (Appendix 1). In this paper the BIo nutrient dara are

presented because they are more compiete. The chlorophyll and particulate are all

FWI analyzed data.

Nutrient Status Measurements

Phytoplankton nutrient status measurements consisted of five seston

composition ratios (c:N, c:p, c:chl, c:si and N:p) and three metabolic indicators

(alkaline phosphatase activity IAPAI and N debt both expressed per unit chl, and Si

demand expressed per unit of suspended Si). Nutrient composition ratios were

calculated on an atom:atom basis for c:N, c:p, c:Si and N:p, and an atom:weight

basis for C:chI.

Alkaline phosphatase activity, an indicator of P-deficiency, was measured

fluorometrically (Healey and Hendzel 1979b) using 5 pM ofho-methyl-fluorescein-

phosphate as the substrate. Parallel determinations were made of total and soluble

activities to distinguish between APA associated with particles and ApA in solution;

the soluble activity was thar passing through 0.2 grn filters. The difference

normalized to chlorophyll is reported as particulate activity.

The N debt assay was used in conjunction with particulate C:N ratios to

determine N-deficiency. The assay is based on the work of Healey (1977) who
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demonstrated that several species of argae took up more ammonium (NHr) in the

dark when N-deficient than when N-sufficient. For the N debt assay, 100 mL of

unfiltered sample was en¡iched with ammonium chloride to yield a fÏnal

concentration of =5 FM N. Ammonium was measured (Stainton et ar. 1977) on

triplicate subsamples at the beginning and end of the incubation. Samples were

incubated in the dark at room temperature (I8-24'C). Nitrogen debt was calculated

as the NHo* removed over a 24 h period per unit of chl (Healey lglT). Silicate

demand (using sodium silicate) was measured in plastic test tubes but otherwise in a

similar way to N debt, except uptake was normalized to suspended silicate. values

indicative of presence or absence or degree of nutrient-deficiency for the nutrient

status indicators are given in Table 4.1. unlike the N debt assay, the Si demand

assay has not been tested on laboratory cultures of algae grown at different growth

rates in nutrient-limited continuous culture. Therefo¡e, the Si demand results can

only be examined for their relative values. It is assumed that as the ratio increases

the diatoms will be more Si-limited. However, Parslow et al. (19g4) found that

severely Si deficient cells experienced a lag before they could take up Si. The 24 h

incubation for the Si demand assay may not be long enough for severely Si-deficient

cells. The particulate C:Si ratio is also used as an indicator of Si-deficiency.

The maximum rate of photosynthesis (8. Irwin, unpubl. data) was obtained

from rac uptake experiments on water samples incubated at different light intensities

and in situ temperatures in a shipboard incubator (Irwin et al. 1990).
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Results

The Physical Chemical Environment

Density stratification is an important water column physical feature as it

affects both the light environment and nutrient supply to the phyroplankron rhrough

its definition of mixing depth and isolation of nutrient rich deep water. Although all

th¡ee locations were quite dynamic with respect to density profiles, representative

profrles (Fig. a'Ð illustrate the basic patterns. The Shelf and Stope warer were only

weakly stratified according to the o, profiles (Fig.4.2), although on the return visit to

the Shelf water there appeared to be a slightly stronger density gradient in the ZO-30

m range (Fig' a.Ð. The Sargasso Sea water was clearly stratified on arrival on

station during April 9, but strong winds began to erode the density gradient aimost

immediately (Fig. a.Ð.

Mean temperature, salinity and phosphate concentration in the upper mixed

layers were significantly different in the Shelf water, Slope water and Sargasso Sea

(p<0.00i, Fig. 4.3a, b, c). Nitrate and silicate concentrations were not significantly

different in the Shelf and Slope water, but concentrations in the Sargasso Sea were

significantly lower than either of these sites (p<0.001, Fig. 4.2d, e). The highest

variability was observed in the nitrate and silicate concentrations in the Shelf water.

The variability was due to vertical variability within the mixed layer rather than

variability between profiles at the same location. The TN:TP ratio increased from

the Shelf to Sargasso transect, driven mainty by the decreasing Tp concentrations

Gig. a.3f, Table 4.2).



Figure 4.2. Representative o, profiles from the shetf, Slope and sargasso sea.
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Biological Variables

Chlorophyll and the nutrient status indicators, particuiate C:N, C:chl, and

alkaline phosphatase activity, were significantly different in the Sargasso Sea water

as compared to the shelf and Slope water (Fig. a.Ð. particulate c:chl, a non_

specific indicator of phytoplankton nutrient-deficiency, alkaline phosphatase activity,

an indicator of phosphorus deficiency and particulate C:N, an indicator of nitrogen

deficiency, all increased along the onshore to offshore transect (Fig. a.a). In the

Sargasso Sea, the mean C:P, also an indicator of P-deficiency, was greater than the

Slope or Shelf water, but because of the large range in values, the difference in C:p

ratios at the three sites was not considered significant (Fig. a.Ð. pa¡ticulate N:p

(Fig.4.4), used in freshwater as a P-deficiency indicator, had a similar range (5-15)

at all thee areas and would not imply p-deficiency for phytoplankton by the

criterion of Healey and Hendzel (1980) (Tabte 4.1). Particulare C:Si was high in rhe

Slope water (Fig. a.Ð.

Variability in the N debt and Si demand assays was high (Table 4.2). There

were no clear trends in the N debt data either within or between stations. At each of

the th¡ee sites, we observed uptake of NHo* on one occasion and release on the

remaining 2 to 4 times that samples were measured for N debt. At both the Shelf

station (Y) and the Sargasso Sea station (S), samples exhibiting NH** uprake also had

the highest C:N particulare values measured there (Table 4.2).

Silicon was taken up by phytoplankton in the Shelf warer samples (Table 4.2).

vaiues were highest on the last day, on the shelf, and coincided with high N



Figure 4.3. Means for chemical and physical variabies in the upper mixed layer

at the shelf, slope and sargasso sea sampling locarions. TN:Tp =

total nitrogen:total phosphorus, NOr- = nitrate, pOor- - phosphate,

and sRSi = soluble reactive silicate. Bars represent + one standard

deviation (data in Appendix 1).
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Table 4'2' summary of upper mixed layer chemical and biological data collected along the shelf, Slope, Sargasso sea transectfrom April 4-r9, r99l' z - depth (m); Lat = latituãe; Long - longitude; TÑ:Tp = total nirrogen, total phophorusatomic ratio; chl = chlorophyll a (pg'L-r¡; c:N, c:P. N:P, c:si = particulate carbon, nitrogen, phophorus, siliconatomic ratios; c:chl = particulate c:chl (¡rmol'pg-t); APA = alkaline phosphatase activity (pmol p.¡rg chlr.h-,); Ndebt = nitrogen debt (¡rmol N'prg chl-l); si demand = silicon demand (¡rmãt si.¡rmot particulate si-r); poo,.c-r =light-saturated rate of photosynthesis normalized to particulate carbon
(¡rmol.¡rmof r.h-r).

Lat

Shelf April 4-7,1991
20 4321 6510
40 432t 6510
10 4320 6s10
I 4320 6510
10 4320 6510
30 4320 6510
1 4316 6st4
5 4316 65t4

Long TN:TP Chl

27
28
2l
2l
25
26
26
22

Shelf April 18-19,1991
s 4319 6513 30
20 4319 6513 28
60 43t9 6513 26
I 4320 6510 28

25 4320 6510 25
35 4320 6510 25

5.64
4.76
3.32
3.07
4.s4
2.99
2.99
3.4

0.82
1.23

1.06

1.32

1.36

1.13

7.0 85
8.0 121
8.1 93
7.7 82
7.5 89
7.4 67
10.4 90
10.0 107

6.7 t0
7.2 68
8.2 62
6.3 81

6.8 45
1.8 4t

1255
1554
12913
1l 10 9
1278
978
91210
11 13 1l

C:Si APA

0.000
0.001
0.002
0.000
0.001
0.000
0.002
0.002

-0.001
-0.001
0.005
NA
NA
NA

N debt

10 19

9t4
89
13 t6
79
56

NA
-0.069
-0.384
-0.439
-0.111
-0.426
0.319
0.096

NA
-0.094
NA
NA
NA
NA

Si demand

t3
1t
4

10

5

2

0.003
0.046

-0.028
0.097
0.230
0.02t
0.214
0.313

-0.036
0.088
0.118
NA
NA
NA

Poo,C -t

0.033
0.033
0.036
0.027
0.032
0.031

NA
NA

NA
0.006

NA
NA
NA
NA \¡\¡



Table 4.2. Cont'd.

Lat

Slope April 15-17,1991
20 4015 6435 33
40 4015 6435 33
10 4022 6445 32
30 4022 6445 4t
50 4022 6445 40
10 4194 6428 34
30 4194 6428 36

Sargasso Sea April 9-14,
1 3601 6330 53

20 3601 6330 52
40 3601 6330 49
30 3610 63tt 4I
70 36tO 63tt 53
30 3609 6245 53
50 3609 6245 53
80 3609 6245 46
30 3s41 6237 50
60 3s4t 6237 64
80 3547 6237 54
10 3843 6342 44
50 3843 6342 42
t5 3843 6342 45

Long TN:TP Chl

t.ot 1.8
0.77 6.6
0.51 7.1
0.44 8.2
0.57 6.4
0.48 8.3
0.58 1.4

t99t
0.10 15.2
0.06 14.6
0.17 lt.l
0.10 10.6
0.31 9.5
0.05 10.5
0.1 tt.1
0.13 13.1

0.46 15.8
0.53 10.0
0.41 tt.j
0.11 12.8

0.54 9.1
0.4 tt.7

89 11 t9 43
78 12 t9 30
72 10 23 27
7292730
62 10 18 47
7892616
6281716

C:Si APA

168

129
103

129

78

78
95

78
198

78
t8
tt
65
58

11

9

9

12

8

7

I
6

t3
8

7

6

7

5

N debt

0.00r
-0.001
-0.001
-0.009
0.001
0.004
0.004

0.090
0.250
0.212
0.130
0.063
0.200
0.065
0.000
0.091
0.059
0.041
0.100
0.016
0.011

108
208
59
83

24

2.085
t.323
NA
NA
NA

-0.792
-0.466

6.370
2.133

-0.671
-22.60
-1.742
-6.400
-15.90
-12.92

NA
NA
NA
NA
NA
NA

Si demand

16

29
20
11

150

92
58

42
t9
2t
54
15

I9

0.239
0.406
NA
NA
NA
NA
NA

-0.217
-0.856
-0.698

0.1s9
0.171
NA
NA
NA
NA
NA
NA
NA
NA
NA

Poo,C -'

8

8

J

9

I
t2
18

10

t2
T9

0.014
0.011
0.007
0.022
0.013
NA
NA

0.008
0.010
0.010
NA
NA
NA
NA
NA
NA
NA

0.013
0.0t2
0.020
0.011 \¡{tt



Figure 4.4. Means for biological variables in the upper mixed layer at the Shelf,

slope and sargasso sea sampling locations. chl = chlo¡ophyll a, c

= particulate carbon, c:P = particulate c:particulate phosphorus,

APA = alkaiine phophatase activity normalized to chl, C:N =

particulate c:particulate nitrogen, c:chl = particulate c:chl, N:p =

particulate N:particulate P, c:si = particulate c:particulate silicon.

Bars represent + one standard deviation (data in Appendix 1).
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debt and general indicators of nutrient-deficiency. In the Slope water, Si demand

was only measured once and it was high relative to other samples (Table 4.2). This

area also had the highest C:Si particulates ratios. Release of Si during a Si demand

experiment was observed in one of the Sargasso sea profiles.

Discussion

Shelf Water: No Nutrient-DefTcÍency

Ambient nutrient concentrations (Fig. 4.2), composition ratios (c:N, c:p, N:p,

c:chl, c:Si), APA and N debt assays (Table 4.2), as weil as high chrorophyil

concentrations (Table 4-2), all indicate no nutrient-deficiency in the Shelf water

during the first three days on station. Unless light or some other physical factor such

as temperature is limiting phytoplankton growth, lack of nutrient-deficiency is an

indication that phytoplankton are growing at or near their maximum growth rates for

those conditions. Another indicator of carbon turnover sometimes used as a

surrogate for relative growth rate is the rate of photosynthesis at optimum light (p"p,)

normalized to particulate C. Poo,:C ratios in Shelf water were higher than the poo,:C

ratios in Slope or Sargasso waters (Table 4.2) where nutrient status indicators also

suggested lower growth rates. The good agreement between the nutrient status

indicators and the Poo,:c ratios is consistent with the inte¡pretation that phytoplankton

at the shelf station was not nutrient-iimited and was growing at a relatively high rate.

on day 4 at the shelf station, ambient No, was low and NHo* became undetectable

(w'G' Harrison unpublished data) and this coincided with an observed increase in the
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particulate C:N ratio and dark uptake of NHo* and silicate in the N debt and Si

demand bioassays' These changes indicated that phytoplankton were becoming more

nutrient deficient- On the return to the Shelf water at the end of the cruise, nutrients

were readily detectable and nutrient status measurements indicated no nutrient-

deficiency. However, chlorophyll concentrations were only 30vo of the earlier

concentrations (Table 4.2). The water column was more stably stratified on the

return visit (Fig. 4.2). sinking losses of slower growing diaroms (waite et al. lgg2)

or increased grazing (Legendre et al. L993) or advection may explain these ]ow

chlorophyll but nurrient sufficient conditions (refs).

Slope Water: Silicon Deficiency

Nutrient status measurements for N and p indicated Slope water

phytoplankton was neither N nor P-deficient (Fig.4.4,Table 4.2). Chlorophyll was

low and Poo,:c was low compared to Shelf water (Tabre 4.2). Nitrate, silicon and

phosphate were all well above detection ]evels (Fig. a.3). The slope warer was

distinctly different from the Shelf and Sargasso Sea water because of low silicon

relative to nitrate (Fig. a.3) and the particulate C:Si ratio was high relative to the

Sheif and Sargasso stations (Fig. a.a). High C:Si particulare rarios in the Slope warer

Gig' a.a) may be an indication that either few silica containing organisms were

present in the particulate matter or that diatoms were silicon-deficient. Inspection of

the preserved water sample showed very thinly silicified and slightly curved or bent

Navicula type cells were present in the plankton however it is not clea¡ whether they
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were dominant or rare (H.J. Kiing, pers. comm.). In culture, C:Si ratios in this range

(30-40) would be indicative of extreme silicon deficiency (Paasche 1980; Brzezinski

1985; Ragueneau etaJ. 1994). The silicate demand assay (Table 4.2)for Slope warer

was high compared to Shelf and Sargasso Sea water. Recently, evidence for the

enrichment of coastal areas in N relative to Si (Officer and Ryther 1990; Smayda

1990; Dortch and Whitledge 1992) supports the hypothesis that growrh by diatoms in

these coastal areas may be siliconlimited (Guildford 1993). In our data set rhe ratio

of NO, to SRSi was higher in the Slope water than the Shelf water. The phenomenon

of silicate limitation of nitrate demand may not be confined to coastal areas.

Sargasso Sea: Phosphorus Deficiency

Physical and chemical data (Fig. a.3) and nutrient status measurements (Fig.

4.4, Table 4.2) confirm the oligotrophic, nutrient-deficient nature of the Sargasso Sea

microplankton relative to the Slope and Shelf water at this time of year (April). The

alkaline phosphatase results indicate severe P-deficiency and the elevated particulate

C:N ratios indicate N-deficiency (Table 4.2). P-deficiency measurements in the

oligotrophic Equatorial Pacif,rc ocean were reported by Perry e972) and perry and

Eppley (1981) and reports of P-deficiency in the anthropogenically affected

Mediterranean (Hernandez et al. 1995) and coastal areas of China (Harrison et al.

1990b) are becoming more common.

The reason the Sargasso Sea microplankton may be strongly p-deficient while

the Slope and Shelf waters are never P-deficient may be the result of loss of p
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relative to N along the transect from the coast to deep ocean. Although both

phosphate and nitrate become low in the Sargasso Sea relative to Shelf and Slope

water, the ratio of TN:TP is much higher in the Sargasso Sea samples (Table 4.2,

Fig. 4.3). N may be mineralized and returned to solution more readily than p in the

upper layers of the ocean or N, from fixation may be a source of external N input

(carpenter and Roman 1991; Karl et al. 1995). p may be lost as the result of

carbonate sedimentation as documented for the coastal ocean by Jensen et al. (1995).

APA, c:chl, c:N, taken in aggregate, indicate p and N-deficiency in the

Sargasso Sea in April. Low Poo,:C also is consistent with low relative growth rates

as indicated by the nutrient status measurements. A high TN:TP ratio in combination

with high APA suggests P-deficiency. However, there is some evidence that the

nutrient status measurements may represent a P-deficient heterotrophic community

rather than a P-deficient autotrophic community. The alkaline phosphatase activity in

the Sargasso Sea may be primarily bacterial rather than algal. Bacteria have been

shown to be better competitors then algae for POo at low concentrations when

organic carbon is available to sustain bacterial growth (Cunie and Katff I9g4:

Bjorkman and Karl 1994) and bacteria as well as algae can synthesize the enzyme

alkaline phosphatase to cleave POo from organic compounds (Cembella et al. 19g4).

In P-deficient, oligotrophic lakes, high rates of APA are generally accompanied by

elevated particulate C:P and C:cht ratios. In the Sargasso Sea, the C:chl ratios were

very high relative to the Slope and Shelf water and are in the range that in algal

culture would indicate highly nutrient-deficient conditions and low growth rates
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(Table 4.2). However, high C:chl would also occur if a significant portion of

particulate material on the filter we¡e non-photosynthetic. The C:chl ratio was

extremely high in the Sargasso Sea (higher than in P-deficienr lakes (Fig. 4.5) but rhe

Shelf and Slope means for C:chl were not different from lakes (Fig. a.5). The C:p

ratio in the Sargasso was lower than in lakes (Fig. 4.5). Bacteria have more stable

C:P ratios (Kirchman 1994; Weh¡ et al. I9g4) and their dominance in samples would

explain these ratios. The main response bacteria have to P-deficiency is enzymatic

whereas algae can shift their composition considerably.

The C:P ratios in the upper 50 m of the Sargasso Sea were 50Vo higher than

the Shelf or Slope water upon arrival on station (Table 4.2). After two days of

stormy weather and deepening of the mixed rayer (Fig. 4.2) the c:p rarios were

lower, similar to those from the Slope and Shelf water, and in the range expected for

P sufficient algae (Table 4.1). C:N ratios in the Sargasso Sea water (Table 4.2) were

greater than those in Slope and shelf waters (p<0.001) and were in the range

expected for N-deficient algae (Table 4.1). During the first day on sration, the water

column was most strongly stratified and uptake of NHo* was observed in the N debt

bioassay. As stratification weakened due to the stonny weather, release of NHo* was

observed in N debt assays. One explanation could be that the bacteria were

substrate-limited, near steady state growth rate, and in equilibrium with the nutrient-

deficient algae while the water column was strongly stratified. It has been calculated



Figure 4.5. Mean biological variables plotred against the TN:Tp (molar) ratio

for the three marine locations and nine lakes on the canadian shield.

Poo,c-' - photosynthesis at optimum light normalized to particulate

c, Y = Shelf, G = slope, s = sargasso Sea, rower case retters refer

to lakes in the NOLSS srudy described in Table 2.1 (chapter z).

Other abbreviations as in Fig. 4.4.
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that the bacteria in this type of oligotrophic stratified situation must be growing

slowly or phototrophs would completely disappear through nutrient competition

(Fuhrman et al. 1989). With weakening of stratification and injection of nur¡ients,

the P-limited bacteria would grow but release excess N which would be consistent

with the N debt assay results. This scenario would also explain the initially high C:p

ratios followed by lower C:P ratios. Bacteria have more stabie stoichiometry than

algae (Fuhrman er al. 1989; Kirchman i994; wehr et al. 1994). Given rhe capaciry

of bacteria to outcompete phytoplankton for P when organic substrates are available,

it can be inferred that phytoplankton would also be P-limited in the Sargasso and

have little capacity to store N.

Comparisons Between Marine and Freshwater

Data for the marine stations are the average of the values from all profiles at

each station (mixed layer only) over a few days at most. Although most of the

variables are significantly different between at least two of the stations, much longer

data sets would be required to determine whether the values at each site are

representative of annual values. In April there was a gradient from coastal to

offshore with increasing water column stability, decreasing nutrient concentrations,

decreasing biomass, increasing TN:TP ratio, increasing nutrient-deficiency and slower

carbon turnover. The values that will be compared from freshwater are mixed layer

means for each lake (five years of open water data). Lake-to-lake va¡iation was

much greater than va¡iation due to seasonal or annual variation in the NOLSS data
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set (Guildford et al. 1994 - Chapter 2). The gradients observed in the lake data were

basically correlated with lake size. As lake size increased water column stability

decreased, and phytoplankton nutrient-deficiency decreased while carbon turnover

increased (Guildford et al. 1994 - chapter 2;Fee et al. 1994).

In most nutrient-limited lakes, chlorophyll concentration can be predicted

from total nutrient pools (Molot and Dillon IggD. Chlorophyll concentrarion in the

NOLSS study lakes were highly correlated to borh TN and Tp (Fig. 4.6) with the

average chlorophyll-TP relationship being the same as thar observed by Dillon and

Rigler (1974) in many lakes. using the same approach, chlorophyll in the three

marine sites had little relation to TN (Fig. a.6) and although there is a relationship

between chlorophyll and TP (Fig. a.6) compared ro the lake data it appears rhat some

factor other than or as well as P controls chlorophyll concentration. Since

chlorophyll concentration is not always related to algal population growth rates,

which can be affected by light, grazing, sinking and dilution, nutrient status

measurements (used as indicators of relative growth rates in nutrient-deficient

conditions) may be more meaningful for comparing marine and freshwater data.

TN:TP is important in lakes as a predictor of whether N or p will be deficient

(Healey and Hendzel 1980; Hendzel et at. Lgg4). When the marine data from this

study are combined with the Northwestern onta¡io Lake Size Study (NoLSS) data

the TN:TP ratio ranges from a low of 25 in the Sheif water to a high of 200 in Lake

Superior (Fig. a.5). The particulate C:P ratio is often used in lakes as an indication

of P-deficiency (Healey and Hendzel i980; Hecky er al. 1993; Guildford et aI. 1994 -
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Chapter 2). If Superior is not included (it has anomalousty high nitrate), then an

almost straight line relationship exists between the TN:TP ratio and particulare C:p in

the NOLSS lakes (Fig' 4.5a), indicating that at high TN:TP the particulare marerial

wiil be highly P-deficienr as indicared by high parriculare c:p rarios. This

relationship from freshwater would predict that the C:P ratios from the ma¡ine

stations in this study wouid be much lower because TN:TP ratios are much lower

and this is indeed whar was observed in the April sampling (Fig. 4.5a). The mean

C:P ratio in the Sargasso sampies was slightly greater than in Slope or Shelf water,

but as discussed above, the average of the c:p ratios in the sargasso was not

significantly different than the Slope or Shelf water. However, C:p ratios were

higher than at other stations before the water column destabilized due to stormy

weather. It is possible that the TN:TP values in the Sargasso are near a transition

point with values above 50 tending to P-deficiency given stable physical conditions

and adequate light. There is a similar relationship in lakes with particulate N:p,

indicating P-deficiency, increasing as the TN:TP ratio increases. In steady state

culture, N:P ratios greater than22 indicate P-def,rciency (Healey lgl5). As with the

C:P ratio' the relationship with TN:TP in lakes would predict no p-deficiency in rhe

three marine starions (Fig. a.5b).

The particulate C:N ratio is used fairly frequently as an indicator of N-

deficiency in both freshwater and the sea (Goldman er al. 1979: Hecky et al. 1993;

Smith et al. 1995). Values in culture greater than 8.3 indicate moderate N-deficiency

and values greater than 14.6 indicate severe N-deficiency in five



Figure 4.6. Mean chlorophyll a (chl) plotred againsr roral phosphorus (Tp) and

total nitrogen (TN). Abbreviations as in Fig. 4.5. The solid line is

the chl-TP relationship of Dillon and Rigler (1974).
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freshwater algal species (Healey and Hendzel I979a). When particulate C:N ratios

for the three marine stations and the NOLSS study lakes are plotted against the

TN:TP ratio, the C:N ratio increases as the TN:TP ratio increases which is not what

would be expected if TN:TP was the main controlling factor. N is clearly not

deficient in the Shelf and Slope water even though the amount of nitrogen is low

reiative to P. In the Sargasso and in ali but one of the lakes, the C:N ratio indicates

some degree of N-deficiency. In the lakes it is the smaller, strongly stratified lakes

that a¡e most N-deficient and in the sea it is the Sargasso which is mo¡e stable than

either the Slope or Shelf water that is N-deficient. High water column stability

results in nutrient ioss through sedimentation and eventually can impose both N and

P-deficiency on the microbial community.

C:chl is used as a general indicator of nutrient-deficiency (Healey and

Hendzel 1980) with high ratios indicating nutrient-deficiency, but also as an indicator

of light-deficiency with low ratios of C:chI indicating light-deficiency (Laws and

Bannister 1980). In the NOLSS study lakes, the C:chl rario increased as the TN:Tp

ratio increased in basically the same pattern as the C:P and N:P ratios. The Sargasso

samples had extremely high C:chl ratios indicating extreme nutrient-deficiency, or a

high reiative abundance of non-autotrophs. The Slope water had C:chl ratios in the

same range as the strongly P-deficient lakes (Fig. 4.5). As discussed above, Si may

be indirectly affecting the C:chl ratio by reducing N uptake and chlorophyll synthesis

in the Slope water. The C:chl ratio (and other conceptual ratios) in the Shelf water

indicate no nutrient-deficiency.
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When the ma¡ine and freshwater data for APA are compared, the Sargasso

groups with the P-deficient lakes (Fig. 4.5) and although there is nor a linear

relationship between APA and TN:TP as seen for the C:P ratio, as the TN:Tp ratio

approaches or exceeds 50 indications of p-deficiency emerge (Fig. a.5).

Nutrient status indicators are useful for inferring relative growth rates in

natural phytoplankton populations that are nutrient-stressed. When phytoptankton is

strongly nutrient stressed, growth rates must be low relative to maximum growth

rates for the ambient light and temperature environment. When nut¡ient status

measurements indicate no nutrient-deficiency, growth rates will be higher than in

nutrient stressed populations unless some physical factor such as light or temperature

replaces nutrient-deficiency. Of course, the measurements used in this study

focussed on the macronutrients N, p and si. No assay was available for

micronutrients such as Fe which can control growth rates in culture (Harrison and

Morel 1986) and in nature (Price et aL. 1994). The maximum rare of photosynrhesis

normalized to particulate carbon is sometimes used to infer carbon turnover in

natural populations. when Poo,:c values in the NOLSS and marine study are

compared, the Shelf station appears to have much higher carbon turnover than the

Slope, Sargasso or any of the lakes. This high carbon turnover is consistent with the

nutrient status data, i.e. no nutrient-deficiency on the Shelf and some degree of

nutrient-deficiency in all the other stations both marine and freshwate¡. In the

NOLSS study, there was a significant correlation between decreasing carbon turnover

and increasing nutrient-deficiency as indicated by APA and C:chl. When the three
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marine stations are superimposed on this freshwater relationship between ApA as an

indicator of P-deficiency and Poo,:C as an indicator of carbon turnover, the Shelf and

Sargasso points fit rema¡kably well with the study lakes (Fig. a.7). The Slope station

is an exception, but as discussed previously, the carbon turnover in Slope water may

be low because of Si-def,rciency. When Poo,:C is plotted against the general nutrient-

defìciency indicator C:chl, the ma¡ine and freshwater points fall on the same line

$ig. a.8).

A comparison of three different oceanic and several freshwater regimes shows

a colnmon dependence of carbon turnover on nutrient status. In both studies,

processes related to phytoplankton growth were examined along a strong physical

chemical gradient. In both studies, it was clear that physical stability and nutrient

supply were both important factors in determining the nutrient status of

phytoplankton. In the marine study along the coastal to offshore gradient, the water

column was more stable away from the coast in the Sargasso Sea and nutrient supply

was much lower and in different ratios than the upwelling Shelf region. The

combination of more stable water column and low nutrient supply leads to strong

nutrient-deficiency and low rates of carbon turnover. In the group of lakes which

were chosen to be similar in geology, climate and long water renewal times (>5 yr)

but wide ranging in terms of size (0.29-92,300 kmz), water column stability

decreased with increasing lake size and nutrient supply to phytoplankton increased

with increasing lake size.



Figure 4.7. Mean photosynthesis at optimum light normalized, to particulate

carbon (Poo,'C-') plotted against alkaline phosphatase activity

normalized to chlorophyll a (ApA). Abbreviations as in Fig. 4.5.
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Figure 4.8. Mean Poo,'C-' plotted against C:chl for the three marine locations

and nine lakes on the Canadian Shield. Abbreviations as in Fig. 4.5

andFig.4.4.
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Physical stability increases along the coastal to offshore ocean transect.

Distance from the continental land mass also affects the external supply of nutrients

to the ocean as well as internal supply of nutrients from deep mixing. Thus, it is not

surprising that surface waters in the open ocean stations have much lower nutrient

concentrations than coastal or Slope waters. 'What is surprising is that the ratio of

TN to TP in the Sargasso Sea water is so much higher than in coastal waters. In the

open ocean away from land masses, an important source of external nutrient supply

is rainwater. The TN:TP atomic ratio of rainwater over the NOLSS study lakes was

80 (Fee et al. 1994). Similar data are not readily available for rainwater ar ocean

sites. However, recently it has been suggested that dissolved organic N in rain may

be an important source of N to the oceans (Corneil et al. 1995; Galloway et al. 1995)

and data in Duce et al. (1991) and Paerl (lgg3) indicate rhe ratio of total N to total p

for the oceanic rain may also be high. When offshore oceanic surface waters are

stable and isolated from deep ocean waters, this high TN:TP input would tend to

push the microplankton toward P-deficiency, which is what we found.
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Chapter 5

The Importance of stratifïcation to the Balance Between phytoplankton,

Nitrogen and Light-Deficiency in the Northwest passage (Barrow strait)
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Abstract

In Barrow Strait (Canadian Eastern Arctic) nutrient status indicators

(particulate C:N, N debt) showed that N was severely limiting phytoplankton growrh

and carbon turnover in the upper 10 m of stratified waters. Below 10 m in stratified

water columns and at all depths in unstratified water columns, we found either

moderate or no N-deficiency. In situ NO, concentration was not a good predictor of

the presence of N-deficiency. We found no consistent indication of Si or p-

deficiency although rates of aikaline phosphatase activity were surprisingly high.

Carbon turnover at optimum light in samples taken from below the stratified layer or

from unstratified water columns was generally greater than that in samples from the

severely N-deficient mixed layer. However, light extinction and photosynthetic light

response data indicate that phytoplankton below the stratified layer was not growing

at optimum rates. At one location, N-deficiency was replaced by light-deficiency

followed by N-deficiency again within 10 days. Both light and N are imporrant

factors to consider when modelling phytoplankton growth in the Barrow Strait and in

similar Arctic waters where the mixture of ice and open water creates a dynamic

environment with respect to stratification and mixing. The high frequency with

which environmental conditions fluctuate in the Barrow Strait may contribute to high

productivity.
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Introduction

There are several valid reasons to study the controlling factors of

phytoplankton growth in the A¡ctic Ocean. Firstly, how much CO, that contributes

to increasing greenhouse gases is biologically fixed by the world,s oceans?

Secondly, are ievels of primary productivity in the short A¡ctic spring and summer

adequate to support the seasonally high abundance of consumers? Thirdly, will

changes in nutrient status brought on by anthopogenic influences such as increased

nutrient loading or climate change affect the quantity and/or quality of consumers of

primary productivity given that in freshwater the growth rate of consumers is

demonstrably linked to the quality or nutrient status of the food ration (Thompson

and Harrison 7992; sterner and Hesson rg94)? Fourthly, transfer of organic

contaminants to higher levels in the food web has been demonstrated to be related to

phytopiankton growth rates in the Laurentian Great Lakes (Taylor et al. 1991;

Swakhammer and Skoglund 1993). Since it has already been demonsrrated thar

organic contaminants from industrial areas of the world a¡e found in anomalously

high concentrations in top levels of the Arctic food web (Muir et al. 19gg), it is

important that this relationship be examined in the Arctic.

Although there is general consensus that phytoplankton growth in open waters

of the Arctic Ocean is primarily controlled by nutrient-limitation after the spring

bloom due to shallow stratihcation (Smith and Sakshaug 1990; Ha¡rison and Cota

l99I), there has been little opportunity to observe the spatial and temporal extent of

that nutrient-limitation. Most observations have been based on oceanographic cruises
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where it is difficult to obtain data at one location over more than a few days. This

study tries to provide a slightly longer term and more continuous snapshot of local

variability in space (both horizontally and vertically) and time. Because the data

contain indicators of phytoplankton growth rates as well as measurements of

chemical and physical parameters, the study should be useful for expansion of

models of Arctic productivity based on the premise that nutrienrlimitation driven by

stratification controls primary productivity (Slagstad and Stole-Hansen Iggl).
'Wallace et at. (1995) note that Arctic water has a lower N:P ratio than Atlantic

water and speculate that N-deficiency observed atong the east coast of North

America is the result of the low N:P ratios originating in the A¡ctic Ocean. In this

study, the TN:TP ratio of Bar¡ow Strait water is compared to some other marine and

freshwater systems where we also have TN:Tp ratios and nutrient status

measurements.

This study seeks to understand the relationships between physical parameters

(light and temperature profiles), chemical parameters (ambient nutrient

concentrations) and biological parameters of phytoplankton nutrient status

(composition ratios, N, P and si uptake and alkaline phosphatase acrivity) and

photosynthesis. Phytoplankton nutrient status is an indicator of phytoplankton

growth rate (Healey and Hendzel 1979; Dortch et al. i9g5).
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Methods

Study Area and Field Sampling

Barrow Strait is located at a central part of the Northwest passage in the

Canadian Eastern Arctic. Cornwallis Island lies to the north and Somerset Island to

the south. The water is Arctic Ocean surface water that flows mainly west to east

(Cota et aL. 1987) although the movement of water does become complex especially

nearshore as a result of tides and basin morphometry (wetch et al. rgg2). The

passage is open from late July to mid-September but it is never totally ice-free. The

mean percentage of open water in the Barrow Strait during August is jTVo (Welch et

al. t992).

August sampling trips were made in l9g9 and 1991. Each year samples

were collected over aZ-wk period (Fig.5.1). The goal was to make physical,

chemical and biological measurements during the time when phytoplankton would

have reached or passed its spring bloom phase to determine factors controlling

phytoplankton growth. sampiing was usually done from an open boat and the

samples were returned to the lab at South Camp of the Department of Fisheries and

Oceans near Resolute (Fig. 5.1) for immediate analysis. In 1989, temperature and

conductivity measurements were made at I m intervals using a Hydrolab 4041 water

quality meter and in 1991 temperature was measured using a free falling temperature

profiler that measured temperature at depth intervals of 0.05 m (R. Brancker

Research Ltd., Ottawa, ON). In situ light attenuation was measured with a Li-Cor

LI-185 underwater quantum sensor (flat plate, cosine corrected collector). In 19g9,



Figure 5.1. Map of the Barrow srait, N.w.T. showing the general location of

sampling sites in 1989 and 1991. station numbers in italics indicate

stations on the north side of Barrow sfait. plain bold numbers

indicate stations in the middle and southern side of Barrow strait.

Plain numbers indicate a transect across wellington channel.
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samples were collected from 10 and 30 m at each station and in 1991 from 5 and 15

m.

Irradiance data were used to calculate the vertical light extinction coefficient

(ft) (Hutchinson 1957), light ar a given deprh (I,) and mean water column light

intensity ltl t-igtrt ar a given depth was calculared as follows:

Ir=Ire- k ' (5.1)

where I, is the solar irradiation that penetrates to depth z, I, is the mean solar flux at

the surface of the water, k is the vertical light extinction coefficient (Hutchinson

1957). Mean water column light intensity was calculated as follows:

7 = ¡"1-t 6.2)
ta

Lab Procedures

Water samples were subdivided fo¡ chemical analyses, plankton identification

and counting, nutrient status measurements, and photosynthetic rate measurements.

Unless otherwise specified, chemical analyses were done using the methods of

Stainton et aI. (1977). Chlorophyll (chl) was determined by filtering 100 mL of

water onro a GF/c filter. Each filter was placed in a glass vial, 10 rrú_ of 95vo

methanol was added, and the vial was frozen at -10oC and allowed to stand overnight

(at least 16 h). The extract was agitated, allowed to settle, and its fluorescence was
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assayed with a Turner Model 110 fluorometer. The fluorometer was routinely

standardized with a chl solution (Sigma Chemicals) rhe srability of which was

verified using an HP scanning spectrophotometer.

Phytoplankton photosynthesis rates per unit volume at different light

intensities were measured using the r4c incubato¡ method (Fee et al. 19g9).

Photosynthesis parameters (P8,, c[8, and, Iu) were estimated using the method of Fee

(1990). PB. is the lighrsaturated rate of photosynthesis per unit of chl, and sB is the

slope of the chl normalized photosynthesis vs light curve as light approaches zero

(photosynthetic efficiency). Iu is the light at which photosynthesis is saturared and is

calculated from PB./øB. Poo, (the volumetric rate of photosynthesis at light levels

optimal for photosynthesis) was normalizedto particulate carbon (c) as an

independent measure of C turnover and was used as an estimate of relative growth

rate. In 1991, a "photosynthetron" type incubator (Lewis and Smith 1983) was used

instead of the "Fee type" incubator. raC uptake using this type of incubator was

highly variable especially at low irradiance. We have confidence in the pB, data

from 1991 but the sB data are not reported.

Nutrient Status Measurements

Phytoplankton nutrient status measurements consisted of five seston

composition ratios (c:N, C:P, c:chl, C:si and N:p) and four metabolic indicators

(alkaline phosphatase activity [ApA], N debt, p debt, expressed per unit chl, and si

demand expressed per unit of particulate Si). Nutrient composition ratios were
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calculated on an atom:atom basis for c:N, c:p, c:si and N:p, and an atom:weight

basis for C:chl.

Alkaline phosphatase activity, an indicator of P-deficiency, was measured

fluorometricatly (Healey and Hendzel l97gb) using 5 FM ortho-merhyl-fluorescein-

phosphate as the substrate. Parallel determinations were made of total and soluble

activities to distinguish between APA associated with particles and ApA in solution;

the soluble activity was that in fìltrate passing through 0.2 Urn filters. The difference

normalized to chlorophyll is reported as particulate activity.

The N debt assay was used in conjunction with particulate C:N ratios to

determine N-deficiency. The assay is based on the work of Healey (1977) who

demonstrated using several species that algae took up more ammonium (NHo*) when

N-deficient than when N sufficient. For the N debt assay, 100 mL of unfiltered

sample was enriched with ammonium chloride to yield a final concentration of =5

FM N. Ammonium was measured (Stainton et al. lglT) on triplicate subsamples at

the beginning and end of the incubation. Samples were incubated in the dark at

room temperature (the room was unheated). Nitrogen debt was calculated as the

nutrient removed over a 24hperiod per unit of chl (Healey Ig77). phosphorus debt

was measured in a similar way to except that potassium dihydrogen phosphate was

added (final concentration 5 pM). Soluble reactive phosphorus (SRp) was measured

on triplicate subsamples passed through GF/C filters (Healey lg75). Silicate demand

was also measured in a similar way except that sodium silicate was added (final

concentration 5 ¡rM). Soluble reactive silicate (SRSi) was measured on triplicate
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subsamples. Uptake was normalizedto particulate silicate rather than chlorophyll in

order to be specific to silicified phytoplankton. Values indicative of presence or

absence or degree of nutrient-deficiency for the nutrient status indicators are given in

Table 5.1. Unlike the N debt and P debt assays, the Si demand assay has not been

tested on laboratory cultures of algae grown at different growth rates in nutrient-

limited continuous cultures. Therefore, the Si demand results can only be examined

in a relative manner.

Data Analysis

The data set is small and some of the variables had a high degree of va¡iance.

To preserve the actual values without showing each value, we use box plots

(wilkinson 1990) which give a median and range. Tests of significance for

differences due to sampling year, location or depth were conducted using ANOVA

(Wilkinson 1990).

Results

General

All data are presented in Table 5.3. Figure 5.1 indicates the sampling sites.

Variability

Variability due to year, location and depth is presented

Sampling stations were grouped into stratified and unstratified

in Table 5.2.

based on temperature



Table 5.1. values indicative of presence or absence or degree of nutrient-deficiency
this study (from Healey and Hendzel 19g0). C, carbon; N, nitrogen; p,
alkaline phosphatase activity.

C:Nu

C:Pu

C:chlb

(APAchft)"

N:P"

N debtd

P debt"

Indicator Nutrient

a

b

c

d

e

N

P

atomic ratio
p"mol C:p,g
particulate APA, ¡rmol P.pg chl-t.h-'
¡"rmol N'¡rg chl-l

¡^rmol P'¡rg chl-t

NorP

P

No deficiency

< 8.3

<129

<4.2

<0.003

No deficiency

<22

< 0.15

<0.075

P

N

P

Moderate deficiency

for nutrient status indicators used in
phosphorus; chl, chlorophyll a; ApA,

8.3-14.6

129-258

4.2-8.3

0.003-0.005

Deficient

>22

> 0.15

> 0.075

Extreme deficiency

>14.6

>258

> 8.3

>0.005

F
O
(.Il
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profiles (Fig. 5.2) or if temperature profiles were unavailable, conductivity

measurements at the two sampling depths (Table 5.3). At stations classified as

unstratified, depth was never a significant source of variability (Table 5.2). At

stations classified as stratified, depth was a significant source of variability for nine

of the 17 variables measured (Table 5.2). There was a significant difference in SRp

by year (Table 5.2), with concentrations being lower in 19g9. This was also

apparent in TN:TP ratios (Table 5.3).

Stratification

Presence or absence of stratification varied temporally and spatially, however,

no pattern could be discerned. In both years, stratification in offshore water on the

northern side of Barrow Strait (Fig.5.i) was observed to disintegrate following

stormy weather. stratification appeared to set up quickly as a result of a

combination of calm weather and melting ice pans. The depth of the stratifìed layer

was usually about 10 m (Fig. 5.2) and in stratified water columns conductivity in the

upper mixed layer was lower than in the deeper layer (Fig. 5.2,Table 5.3) reflecting

the influence of melting ice.

Light

Light extinction measurements were made at some stations each year (Table

5.3)' Using a calculated value for cloudless surface light available at Tuktoyuktuk in

the Western Arctic (Fee et al. 1989), average hourly light at different depths in rhe



Figure 5.2. Representative temperature profiies from the Barrow strait to

illustrate stratified and unstratified conditions. Temperature is in

degrees celsius on the upper ho¡izontal axis. The heavy bars are

specific conductance measurements from 5 and 15 m samples.

Values (¡.rS cm-t) are on the lower horizontal axis.
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Table 5.2. Analysis of variance (ANOVA) of variables for three categories: year, location and depth. Samples were
classified as stratified or unstratified. NO3- : nitrate; SRSi : soluble reactive silicate; SRp : ;;ilbb 

^-

reactive phophorus; Cond = conductivity; chl : chlorophyll a; Part. ç : particulate carbon; C:N, C:p,N:P, C:Si : particulate carbon, nitrogen, phosphorus, rili.on atomic ratios; N debt = nitrogen debt
normalized to chl; AfA : alkaline_phosphatasJ acriviry normalized ro chl; p,t : lighr;;dåä rare ofphotosynthesis normalized to chl; aB : slope of the tigtrt-timitedpart of the ptotorynttesis-lightcurve
normalized to chl; Ir : the light intensity at which phótosynthesis is saturateå. * - p<0.051 xx :
P<0'01, *xx : Pa0.001, ltS : not significant, nv^r : no variance due to single year of data.

Chemical
Nor-
sio3
SRP
Cond

Biomass
chl
Part. C

Nutrient status
C:N
N debt
C:chl
C:P
N:P
APA
C:Si
S demand

Photosynthesis
Prt
dB

Ik

Year

NS

NS

**
ns

NS

ns

Stratified

Location

NS

NS

NS

NS

Depth

NS

NS

NS

***
ns

NS

nvl
nvl

ns

ns

**
NS

t< )k

Year

ns
***
NS

*

NS

NS

*

ns

ns
*

NS

{<*x

**{<

ns

d<d<x

Unstratified

ns
{<

*{<*

NS

{<

*{<*

nvl
nvl
nvl

L¡cation

NS

***
NS

NS

*{<

ns

NS

*

NS

*

NS

ns

NS

***

Depth

NS

ns

ns

ns

NS

NS

nvl
nvl

ns

NS

ns

ns

ns

NS

NS

NS

ns

ns

ns

NS

*

NS

NS

NS

ns

NS

*

ns

ns

NS

ns

nvl
nvl
nvl

ns

ns

ns

NS

NS

NS

Ho
æ



Table5'3a' summaryofphysical,chemical,andphotosynthesisdatacollectedinlg8gandlggl. sta=station(year-stano.); Z=depth(m);s=stratification (1 : stratified',2 : unstratified); Exr : light extinction coefficient (m-t); cond : specific conductance at25"c(¡rsrm-');No, : nitrate (pM); sRP : soluble reactive phosphorui (¡¿M); sRSi : soluble reactive silicate ô¿M); TN:Tp : total nitrogen:totalphosphorus (atomic); PC : particulate carbon (pM); chl : chlorophylla (pg.L-t); pBM : tigiir"tu.rt"d rate of photosynrhesis
normalized to chl (pgc'h-''¡rg chl-); cvB = slope of the light-limitedpart of th-e photosynthesis-îightcurve normalised to chl (¡rg c;¡rgchl-t'Einstein-'m'); Iu : the light intensity at which photosynthesis is saturated (meinsteinmtmin-'¡; p*,ói =Gti- r"r-u."r.¿ ,rr"of photosynthesis normalized to pC (pM C.h-rpM C-').

Sta

89-2 Aug 13

89-2 Aug 13

89-2 Aug 13

89-3 Aug 15

89-3 Aug t5
89-4 Aug 17

89-4 Aug 17

89-5 Aug 17

89-5 Aug 17

89-6 Aug 17

89-6 Aug 17

89-7 Aug 17

89-7 Aug 17

89-8 Aug 18

89-8 Aug 18

89-9 Aug l8
89-9 Aug 18

89-10 Aug2l
89-10 Aug2l
89-ll Aug2l
89-ll Aug 2l

Date

51
r0 I
30 1

5t
30 I
102
302
r0 I
30 I
10 I
30 I
102
302
10 1

30 1

10 I
30 I
102
302
l0 I
30 I

Ext Cond

0.150

0.221

0.160

0.151

0.231

0.160

0.177

42857
45542
48127
45144
48127
46934

No,

0.t43
0.143
4.286
0.071
5.143
0.071

SRP

0.39
0.6s
1.06
0.55
1.13
o.7t

44249

47332

46337
47928
46735
48127
46337
46636
44249
46536

SRSi

t.36
2.2t
7.7t
0.79
13.50
1.39

TN:TP PC ChI PBM

0.071

0.071

0.071
0.071
0.071
3.071
0.214
0.071
0.071
s.286

18

l7
16

t9
15

t6

0.48

0.55

0.42
o.7t
0.55
1.03
0.s8
0.58
0.87
L29

s2 0.33
38 0.50
81 4.30
tt3 l.s8
33 2.00
64 3.60 1.92

2.4 t.tz
0.87 1.90
5.3 1.84

41 0.48 5.18
4.7 1.14

78 4.50
3.9

48 0.75 2.49
7t 7.80 2.09
63 1.08 4.s6
44 3.50 1.57
68 1.59 2.58
s3 4.90 2.83
27 0.42 2.99
26 0.44 1.48

1.68

l.ll

1.39
0.79
5.71
1.04
l.2l
6.00
16.s0
3.93

aB

t8

15

17

l5
16

t5
t7
l5
t4
l4

Pop,/C

9.14 3.49
8.1I 2.29
7.8 4.04
9.8s 3.10
12.72 6.76
7.83 2.42

15.81 2.61
17.74 1.96
20.s3 3.69
12.89 2.02
8.47 5.06
12.03 3.91
6.69 7.42

0.0090

0.00sr

0.0032
0.0192
0.0066
0.0104
0.0051
0.0220
0.0039
0.0021

Ho
\o



Table 5.3a. Conr'd.

Sta

9l-l /,;.ryZ
91-l AugZ
9l-2 AugZ
9l-2 Aug2
9l-3 Aug}
9l-3 Aug 2
91-4 AugZ
9l-4 Aug 2
91-5 Aug l0
91-5 Aug l0
9l-6 Aug 10

9l-6 Aug l0
91-7 Aug 12

91-1 Aug 12

91-8 Aug 12

9l-8 Aug 12

9l-9 Aug 15

9l-9 Aug 15

9l-10 Aug 15

9l-10 Aug 15

91-11 Aug t5
91-11 Aug 15

9l-12 Aug 15

91-12 Aug 15

Date Z

5

15

5

15

5

15

5

l5
5

15

5

15

5

l5
5

l5
5

15

5

l5
5

15

5

15

Ext

I

I

1

1

I
1

I
I
I
I
I
I
2
2
)
2
2

2
2
2

I
1

2
2

0.098

0.183

0.200

0.204

Cond

44640
47120
44739
46128
44938
46128
45334
46922
44045
46426
44541
47120
4t 120
47914
47318
47814
44541
45136
44838
44938
45037
46029
46426
46922

NO,

0.143
0.214
0.143
0.071
0.143
0.071
0.t43
0.t43
0.071
0.t43
0.071
1.571
1.186
4.786
2.571
4.714
0.143
0.t43
0.071
0.071
0.071
0.143
0.071
0.143

SRP

0.94
1.06
0.97
1.06
1.03
1.03
0.97
1.10
0.94
1.03
0.94
1.23
1.19
1.29
1.26
1.42
1.03
1.00
0.97
0.97
1.00
1.06
1.00
1.06

SRSi

0.118

0.151

3.00
7.89
1.39
3.75
4.rt
4.00
2.86
4.71
3.54
4.64
3.79
9.s0
8.61
12.64
8.89
12.18
2.46
3.50
2.00
4.07
2.29
6.00
4.11
5.14

TN:TP PC Chl PBM

27 28
22 43
23 49
2t 63
2t 51
2t 60
23 32
21 48
25 24
23 33
22 28
20 40
20 26
20 22
21 28
19 23

2l 33
22 30
22 36
22 33

22 36
21 35

22 50
21 35

0.19 2.63
3.16 4.43
0.88 2.0s
2.23 2.69
0.77
2.32
0.37
3.07
0.40 3.76
2.04 3.92
0.60 2.92
3.46 2.89
2.s1 3.98
2.65 2.26
2.04 2.79
2.13 2.35
0.70
1.37 1.97
1.35
1.40 4.29
0.94
3.28 L70
2.84
3.28 1.91

cvB P"P,/C

0.0015
0.0275
0.0031
0.0079

0.0052
0.0205
0.0051
0.0208
0.0323
0.0231
0.0168
0.0185

0.0075

0.01s0

0.0133

0.0149

13.1 2.15

I7 .29 1.83

F
Fo



Table 5'3b' summary'of nutrient status data collected in 1989 and 1991. Sra = sration (year-sta no.); z = depth (m); s = srratifìcation(l = stratified, 2= unstratified);c, N, P, si = particulatecarbon, nitrogen,phosphorus, siliconaromicrarios;"hl-=;¡i;;nrtil,'Ñ'ääi'= nitrogendebt(pM N ¡rgchl-'); P Debt = phosphorus debt (¡rM p pgõnl'i)i si åemaná :ì¡ii.ondemand (pM sipM particutatesi-'); Tot ApA = roralalkaline phosphatase activity (pM P'h'r); sol APA :'õlubl" ApA (pM p.h''); pafl ApA = particulate ApA (¡rM p 
¡rg rht .h.r).

Sta

89-2 Aug 13

89-2 Aug 13

89-2 Aug 13

89-3 Aug 15

89-3 Aug 15

894 Aug 17

894 Aug 17

89-5 Aug 17

89-5 Aug 17

89-6 Aug 17

89-6 Aug 17

89-7 Aug 17

89-7 Aug 17

89-8 Aug l8
89-8 Aug l8
89-9 Aug l8
89-9 Aug 18

89-10 Aug2l
89-10 Aug 2l
89-ll Aug 2l
89-ll Aug 2l

Date

5t
l0 I
30 I
5l
30 I
102
302
l0 I
30 I
t0 I
30 I
102
302
t0 I
30 I
r0 I
30 I
102
302
l0 I
30 I

C:N - C:P

t5.4
12.2
9.7

13.2
9.7

10.6

C:chl

160 ts7
t29 75
209 19
249 7t
ll5 t7
124 l8

N:P

I1.9

12.5

16.5

9.3
t5.4
9.7

16.6
9.2
t4.4
13.4

C:Si

10.4
10.6
2t.6
18.8
I r.8
I 1.8

l8l

150

166

t29
t76
t7r
t74
Il6
207
267

N
Debt

85

17

64
9

58
l3
42
ll
63
59

0.424
0.000
0.000
0.000
0.000
o.245

0.495

0.769

0.1l7

t.233
0.041
0.482
0.000
0.716
0.151
0.000
0.000

P
Debt

ts.2

t2.o

l0.l
t3.9
l 1.5

t7.7
10.5
12.7

14.4
19.9

0.000
0.000
0.000
0.000
0.004

si
Demand

Tot
APA

0.018
0.010
0.022
o.042
0.036

Sol
APA

0.012
0.015
0.0r3
0.030
0.031

Part
APA

0.009
0.061
0.000
0.000

0.0t8
-0.010

0.002
0.008
0.002

0.006
0.005
0.000
0.015
0.010
0.024
0.019
0.000

0.003
0.001
0.000
0.008
0.001
0.005
0.002
0.000

0.004
0.001
0.000
0.002
0.006
0.004
0.040
0.000

ts
H
ts



Table 5.3b. Cont'd.

Sta

9l-l Aug 2
9l-l Aug 2
9l-2 Aug 2
9l-2 ñry 2
9l-3 Aug 2
9l-3 Aug 2
914 Aug 2
914 Aug 2
9l-5 Aug l0
9l-5 Aug l0
9l-6 Aug l0
9l-6 Aug l0
9l-7 Aug 12

9l-7 Aug 12

9l-8 Aug 12

9l-8 Aug 12

9l-9 Aug 15

9l-9 Aug 15

9l-10 Aug 15

9l-10 Aug 15

9l-l I Aug 15

9l-l I Aug 15

9l-12 Aug 15

9l-12 Aug 15

Date z

5l
15 I
5l
15 I
51
15 I
5l
15 I
5l
15 l
5l
15 I
52
152
52
152
52
152
52
152
5l
15 I
52
152

C:N C:P

12.o

8.9
13.2
t2.s
l5.l
t2.4
tt.4
10.6
8.7
8.9
tl.7
8.1
7.4
7.8
7.8
7.9

14.7

9.5
t0.0
l0.l
tr.7
6.9
9.1
7.4

C:chl

176

l0r
t39
140

t43
133

t23
123
125
t26
ll0
t24
100

ll2
t46
78

t44
103

lll
lt5
139

109

l19
90

t49
l3
56
28
66
26
86
l5
6t
l6
47
t2
l0
8

t4
ll
46
22
27
24
38
ll
l8
ll

N:P C:Si

14.6

n.4
10.5
tt.2
9.5
10.8
10.8
I1.6
t4.4
t4.t
9.4
ls.3
t3.6
14.4
18.8

9.8
9.8
t0.8
lt.l
I1.3
I 1.9
t5.7
l3.l
t2.2

NP
Debt Debt

t2.2
5.2
6.5
6.5
6.6
5.5
5.2
2.5
t4.t
9.4
9.6
6.2
4.2
ERR
7.2
4.4
3.7
4.6
5.6
5.8
7.t
4.9
7.0
5.1

0.000
0.149
3.080
0.315
4.282
l.194
4.908
1.082
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.387
0.420
0.853
0.629
t.478
0.124
0.t79
0.000

si
Demand

0.049
0.200
0.075
0.o32
0.017
0.052
0.027
0.007
0.000
0.000
0.000
0.0s8
0.033

0.0s8
0.084
0.000
0.000
0.007
0.000
0.000
0.027
0.039
0.055

Tot
APA

0.022
0.032
0.025
0.028
0.029
0.029
o.027
0.024
0.062
0.102
0.061
0.065
0.078
0.070
0.053
0.062
0.078
0.040
0.052
0.06r
0.093
0.078
0.051
0.056

Sol
APA

0.018
0.o27
0.022
o.o24
0.026
0.o24
0.022
0.048
0.050
0.075
0.046
0.048
0.041
0.047
0.034
0.038
0.030
0.030
0.030
0.036
0.068
0.045
0.039
0.044

Part
APA

0.021
0.002
0.003
0.002
0.004
0.002
0.014

-0.008

0.0t3
0.025
0.005
0.0r5
0.009
0.009
0.01I
0.069
0.007
0.016
0.018
0.027
0.010
0.004
0.004

H
H
N)
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water column for four different light extinction values was calculated (Table 5.4).

Mean water column light intensity was calculated using the same surface irradiance

and different mixed depths (Table 5.4).

Chemistry

There were patterns with depth for NO, and SRSi in the stratified samples

(Fig. 5.3). No, was detectable but less than 0.2 FM at 5, 10 and 15 m. There was a

gradual increase with depth for SRSi. There was no pattern with depth for SRp in

either the stratified or unstratified samples and no pattern for NO, or SRSi in the

unstratified samples (Fig. 5.3). Conductivity increased with depth in stratified warer

columns (Fig. 5.4), but was more uniform in the well mixed water columns (Fig.

5'4), although at 5 m there was a wide range in the values. The molar ratio of

TN:TP was on average 20 (Table 5.3).

Biomass

chlorophyll was on average less than 1.0 mg.m-3 at 5 and l0 m and

increased 4x at 15 and 30 m (Fig. 5.5) at stratified stations. Particulate carbon was

uniform at all four depths at stratifred stations (Fig. 5.5). At unstratified srations

there was no pattern for either ctrlorophyll or particulate carbon (Fig. 5.5).



Table 5'4a' Selected light related data for some stations sampled in 1989. Sta : station (year-
no.); Exr = light extincrion coefficient (m-t); I,(10) and I,(30) : light intensiìy at r0
and 30 m calculated using equation 1 (mEinsteinm'mintj. éurrace light was the
average cloudless surface light for Tuktoyuktuk, N.V/.T. on Aug. tO, tlSO 1Ze.SmEinstein.nf minr) (Fee er al. lggg). lu(tO) and Ik(30) : saturãting light
intensities from light response curves for samples taken from 10 and 30 m(mEinsteinmzminl). I,/Ik(10) and (30) are ttre ratios of light at depth compared to
light required to saturate photosynthesis for a sample from that depìh.

Sta

89-4

89-s

89-6

89-8

89-9

Ext

0.221

0.160

0.151

0.160

0.177

I"(10)

3.28

6.03

6.60

6.03

5.09

I,(30)

0.04

0.25

0.32

0.25

0.ls

rk(10)

3.49

4.04

6.76

2.61

3.69

rk(30)

2.29

3.10

2.42

r.96

2.02

I,/Ik(10)

0.94

1.49

0.98

2.31

1.38

I"/Ik(30)

0.02

0.08

0.13

0.13

0.07

ts
ts
È



I15

Table 5.4b. I : mean water column light intensity
(mEinsteinm2.min 1) calculated for
water columns of various mixed depths
(Z^¡,) (m) using equation 2. Surface
light as in Table 5.4a.

i
10

20

30

40

50

60

70

80

90

100

14.36

8.49

s.81

4.38

3.51

2.92

2.50

2.20

1.95

1.76

Z^i*



Figure 5.3 Nitrate (No¡'), soluble reactive silicon (sRSi) and soluble reacrive

phosphate (sRP) in rhe Barrow strait during August 19g9 and 1991.

Data a¡e plotted as box plots of the combined values at each depth

in stratified and unstratifed water columns. The central horizontal

line is the median, the lower and upper edges of the box comprise

the interquartile range within which 50vo of the values occur. The

bars extending above and below the the boxes can represent a range

around the median 1.5 times the interquartile range or they indicate

the maximum and minimum values (if they are ress than 1.5 times

the interquartile range). values beyond 1.5 times the interquartile

range are indicated by an asterisk (*) and values 3 times the

interquartile range by open circles (o). when only one line is

plotted, this represents the median without enough data points to

calculate the distribution.
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Figure 5.4. Specific conductance (cond) in the Ba¡row Strait during Augusr

1989 and 1991. Data are plotted as box plots of the combined

values at each depth in the stratified and unstratified water columns.

See Fig. 5.3 for a description of box plots.
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N-deficiency

The upper mixed layer at stratifìed stations was clearly N-deficient with a

gradient of decreasing N-deficiency with depth within the layer. At these starions,

phytoplankton from the 5 and 10 m samples was moderately to severely N-deficient

according to N nutrient status indicators particulate C:N ratio and N debt (Fig. 5.6).

Samples taken from i5 and 30 m at the stratified stations and from all four depths at

the unstratified stations exhibited either moderare or no N-deficiency (Fig. 5.6).

Particulate C:chl (Fig. 5.6) was high (median value 60 ¡rM.¡rg-t) at 5 and 10 m ar rhe

stratified stations and about 10 UM'pg-t in the deeper water and in the well mixed

water columns (Fig. 5.6). High C:chl values may indicate a general nutrient-

deficiency while low C:chl values may indicate light-deficiency (Smith et al. 1995).

P-deficiency

Several different methods were used to assess P-deficiency. Based on

ambient SRP (Fig. 5.3), it was nor expected that phyroplankton would exhibit

indications of P-deficiency. In none of the P-deficiency indicators was there any

pattern with depth in either stratified or unstratified samples. C:P particulate ratios

were within the range found for some moderately P-deficient phytoplankton (Healey

and Hendzel 1980) (Fig. 5.7). Pa¡ticulate N:P ratios were less than 15 which is well

below the value of 22 which is suggested to indicate the onset of P-def,rciency

(Healey and Hendzel I979a). Samples incubated overnight in the dark with added p

never assimiiated this added Poo $able 5.3). Surprisingly, however, rates of



Figure 5.5. chlorophyll a (chl) and particulate carbon (part c) in rhe Barrow

strait during August 1989 and i991. Dara are box plots of the

combined values at each depth in the stratified and unstratified water

columns. See Fig. 5.3 for a description of box plots.
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Figure 5.6. Nitrogen-deficiency measurements in the Barrow Strait during

August 1989 and 1991. Data are box prots of the combined values

at each depth in the stratified and unstratified water columns. see

Fig. 5.3 for a description of box plots. C:N = particulate

c:particulate nitrogen, N debt = nitrogen debt, c:chl = particulate

c:chlorophyll a. alkaline phosphatase activity were similar to rhose

rates exhibited by P-deficient algae in culrure and in lakes (Fig. 5.7).
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Si-deficiency

SRSi concenftations were at times less than 2 pM in the 5 and 10 m samples

(Fig. 5.3) and appeared to increase gradually with depth. C:Si ratios from 5 m were

greater than those from 15 m, but the differences were not statistically significant

because of the wide ranges in the 5 m samples (Fig. 5.8). Uptake of Si in the dark

normalized to particulate Si (Fig. 5.8) did not suggest any biological pattern with

depth or stratification.

Photosynthesis

PB,, I¡. and Poo,:C were all significantly different with depth in the stratified

samples (Fig. 5.9, Table 5.2). crB did not differ with depth, although the number of

samples was small and the range very large (Fig. 5.9). For the samples where light

extinction measurements, PB,, and crB were available, Iu values for those days were

compared to calculated light available at the depth the samples were taken from (i.e.

10 or 30 m) (Table 5.3). The calculated light available at 10 m was usually adequare

to saturate photosynthesis (0.94-2.3x) but the calculated light available ar 30 m was a

very small proportion of that required to saturate photosynthesis (0.02-0.13x) (Table

s.4).



Figure 5.7. Phophorus-deficiency measurements in the Barrow Strait during

August 1989 and 1991. Data are box plots of the combined values

at each depth in the stratified and unstratified water columns. See

Fig. 5.3 for a description of box plots. C:p = particulate

c:particulate phosphorus, N:p - particulate N:particulate p, ApA =

alkaline phophatase activity normalized to chl.
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Figure 5.8. silicon-deficiency measurements in the Barrow strait during August

1989 and 1991. Data are box plots of the combined values at each

depth in the stratified and unstrarified water corumns. See Fig. 5.3

for a description of box plots. c:Si = particulate c:particuiate

silicon, Si demand = silicon demand.
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Figure 5.9. Photosynthesis related measurements in the Barrow strait during

August 1989. Data a¡e plotted as box plots of the combined values

at each depth in the stratified and unstratified water columns. see

Fig. 5.3 for a description of box plots. pB, = photosynthesis at

optimum light normalized to chl, crB = the slope of the light-limited

part of the photosynthesis-light curve normalized to chl, Iu is the

light intensity that saturates photosynthesis, poo,.C-t = the light

saturated rate of photosynthesis no¡malized to particulate C.
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Discussion

Frequency of Stratifïcation

Arctic phytoplankton are thought to be more nutrienrlimited than Antarctic

phytoplankton (Smith and Sakshaug 1990; Harrison and Cota 1991) and the nurrient-

def,rciency is a result of the shallow haiocline formed by melting sea ice which

prevents the resupply of nutrients to the upper mixed layer. It follows from these

observations that the frequency with which stratification is set up and eroded will

likely have a major influence on phytoplankton growth rates (Sakshaug and Slagstad

1991; Stole-Hansen and Slagstad 1991). Because of the expensive nature of

oceanographic cruises, however, most studies examine spatial rather than temporal

variability in stratification.

Density profiles for Barrow Strait (Bergman 1989) and Jones Sound just norrh

of Barrow Strait (Platt et al. 1987) indicate the water column was stratified at each

sampiing period during August but destratified in September. At each of the two

years in this study, Barrow Strait in August showed a more dynamic picture of the

stratification-destratification cycie due to wind mixing. Each year the water column

was stratified initially as indicated by low conductivity and chlorophyll values in

surface water compared to deeper water (Fig. 5.10, Table 5.3) and then as a result of

strong winds, the water coiumn became well mixed and chlorophyll and conductivity

became more homogeneous throughout the water column. In 19g9, following

mixing, the chlorophyll, SRSi and nutrient status data indicated a return to stratified

conditions, whereas conductivity and NO, indicated unstratified conditions suggesting
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coastal or tidal currents may have imported different water masses. The implication

of this frequent cycle of stratification-destratification suggested by these two short

temporal snapshots in the same location, is that high levels of secondary production

may be a direct function of the frequency with which stratification-destratification

takes place. Such variability likely prevents either strong nutrient-deficiency or light

limitation from keeping growth rates below optimum. More data on the frequency

and duration of stratification would be necessary, however, to model seasonal

photosynthesis accurately in this physically variable area. Stole-Hansen and Slagstad

(1991) noted the importance of vertical mixing to biological processes in the Barents

Sea. Sakshaug and Slagstad concluded chlorophyll in the mixed layer of the Barents

Sea is a function of mixed depth which in turn is often a function of the stabilizing

influence of meltwater from sea ice is furthermore. Harrison and Cota (i991)

stressed that nutrients controlled by physical processes (vertical mixing) as opposed

to nutrients controlled by biological processes (regeneration) are more important in

controliing photosynthesis in the A¡ctic than Antarctic phytoplankton.

N-defÏciency

Nitrogen has traditionally been conside¡ed most often to limit phytoplankton

growth in marine waters. Recentiy other nutrients such as P (Karl et al. 1995), Si

(Sommer l99I; Nelson and Treguer 1992; Ragueneau etal. 1994), Fe (Martin et al.

1990), or factors such as light (sakshaug et ar. rggl; Mitchell et al. 1991), or



Figure 5.i0. Temporal changes in chlorophyll a (chl) and conductivity (cond)

with fluctuations in water column stratification in the Barrow strait

during August 1989 and 1991. White bars are 10 m samples in

1989 and 5 m samples in 1991. Black bars are 30 m samples in

1989 and 15 m samples in 1991.
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gtazing (Frost L99l), and sinking (waite et al. rggz) have become foci of

investigations along with nitrogen. At high latitudes, temperature is considered an

important factor controlling growth rates of phytoplankton when light or nutrients are

not already controlling growth (Smith and Sakshaug 1990; Harrison and Cota 1990).

Observed specific growth rates (0.76-1.03 doublings per day) from high latitudes

(smith and sakshaug 1990) are within the limits predicted by Eppley's (1972)

equation relating algal growth rates to temperature which was based on nutrient

sufficient cultures. Growth rates from temperate and tropical waters are often as low

due to nutrient-iimitation but can also be much higher (up to 8.0 doublings per day)

than any reported from polar waters (Furnas 1990).

Phytoplankton in the upper mixed layer of stratified water columns were

moderately to severely N-deficient. This conclusion is based on the absence of

measurable NO, in the upper mixed layer (Fig. 5.3), the high particulate C:N rarios

(Fig. 5'6), and the N debt assay (Fig. 5.6). Phytoplankton beiow the mixed layer in

stratified water columns and in well mixed water columns were not, on average, N-

deficient although there are some samples that had high particulate C:N ratios and

elevated N-debt values.

The absence of measurable No, is often cited as an indication of N-

deficiency. Although undetectable NO, concentration may be an indication that new

production is low relative to regenerated production (Ha:rison et al. I}BT), it does

not always follow that phytoplankton growth rates are low as well as rates of new

production because NHo* can be used as a N source. Regeneration of NHo*, by a
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combination of grazing and microbial processes, may maintain phytoplankton in non

N-deficient condition with particulate C:N ratios that are similar to N-sufficient algae

in cuiture. The use of the particulate C:N ratio alone is not conclusive evidence that

growth rates are N-deficient. Elemental ratios of natural populations can be variable

and unreliable due to the presence of detritus and the fact that different species have

different optimum C:N ratios (Smith and Sakshaug 1990). However, the combination

of high N debt, low ambient NO3 and high C:N is strongly indicative of severe N-

deficiency of phytoplankton in the upper mixed layer in the Barrow Strait. The

TN:TP ratio of 19 is another indication of N-deficiency since this is similar to the

loading ratios that precipitated Nr-fixing cyanobacterial blooms in Lake 227 of the

Experimental Lakes Area (Healey and Hendzel 1980).

Si-defÏciency

There is little strong evidence for Si-deficiency of phytoplankton growth rates.

Ambient silicate concentrations appeared to be controlled by biological uptake as

demonstrated by the gradient in concentrations in the upper mixed layer of stratified

waters (Fig. 5.3) and at the surface silicate did become sufficiently low to possibly

limit phytoplankton biomass (<5.0 pM) as suggesred by Levasseur er al. (1990).

Particulate C:Si ratios fortwo Anta¡ctic diatoms (Sommer 1991) were7.6 and 6.3 for

Si-replete and 24.4 for Si-limited cells with a minimum cell quota. These were

obtained from natural samples that had been sorted using nets. Particulate C:Si ratios

of the natural assemblages from Barrow Strait averaged 5.0. Our data from Barrow
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Strait would be an overestimate because non-diatom C would tend to inflate the ratio.

The uncorrected ratio certainly indicates that Si-deficiency is very unlikely.

Coastal centric diatoms in the Antarctic had C:Si ratios around 29 (Shimoto

and Ishii 1995) while oceanic pennate diatoms measured in the same study had C:Si

ratios closer to 3. On the basis of these ratios compared to published culture values,

one would expect the oceanic diatoms to be Si-sufficient while the coastal diatoms

would be classified as Si-deficient. However, surface Si concentrations were much

higher in the coastal area than the oceanic so the diffe¡ence in C:Si was attributed to

species differences rather than any indication of Si-deficiency. In fact, it was

suggested that the heavily silicified oceanic species were Si-limited at some time

because of their high Si demand. However, low half-saturation values for Si uptake

(1.1 to 4.6 FM) for Nitzschia curta,i.e. Nitzschla, a dominant oceanic diatom from

the Antarctic, were recorded by Nelson and Treguer (1992) indicating that ambient Si

concentrations (20 to 50 ¡rM) were rarely low enough to limit growth rates. Smith et

al. (1995), in their study of the Northeast Polyna in the Greenland Sea, also found no

change in C:Si ratios over a range of samples where they observed a wide range in

the c:N and c:chl ratios and concluded Si was not likely deficient.

Collectively the information for Si nutrition indicates that phytoplankton was

not Si-deficient in the Barrow Strait samples. The gradient observed in the upper

mixed layer of ambient Si (Fig. 5.3) indicated thar Si was being drawn down by

phytoplankton to low concentrations (average of 3 ¡rM) in the 5 and 10 m samples.

These are concentrations below half-saturation concentrations reported for Si uptake
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or growth (Nelson and Treguer 1992; Sommer 1991). The Si demand assays and the

C:Si ratios (Fig. 5.8) did not exhibit any pattern with depth or srrarification unlike

the C:N and N debt assays which were strongly correlated with depth within

stratified samples. The low ambient Si concentrations, although not growth limiting,

may, however, be expected to influence community species composition and

succession (Sommer 1991).

Light-deficiency

Light as influenced by daylength, angle of incidence and cloudiness, controls

photosynthesis in Arctic waters on a seasonal basis (Smith and Sakshaug 1990).

During the ice free season, however, the main factors will be cloudiness and vertical

mixing depth. In the upper mixed layer of the stratified water column of the Barrow

Strait, there is more than enough light to saturate photosynthesis in August (Table

5.4) based on measured light extinctions and cloudless irradiance. Using the

representative data in Table 5.4, the amount of light calculated to saturate

photosynthesis (I*), based on simulated in situ incubations, was always met or

exceeded at 10 m. However, even although the amount of light required to saturate

photosynthesis (Io-30) in the 30 m samples was significantly less rhan that required to

saturate photosynthesis in the 10 m sample (Ik-10) (Fig. 5.9, Table 5.4), this lower

light requirement was still much higher than the light available at a depth of 30 m

and the ratio of I-30 to I*-30 (Table 5.4a) was much less than i.0 which would

indicate light limitation under average conditions.
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Whereas the above discussion is appropriate to stratified conditions in a water

column mixed to ca. 80 m, it is more appropriate to describe the light environment in

terms of an average amount that phytoplankton may be exposed to over a unit of

time. Mean water column light intensities for a series of hypothetical mixing depths

(Table 5.4) are given. Some of the low I* values obtained from incubating the 30 m

samples are low enough that the mean water column light intensity in a water

column mixed as deep as 80 m would saturate photosynthesis. However, when the

shallow stratification is broken down in the Barrow Strait, it is likely that the water

column mixes to depths greater than 80 m and it is expected that when the water

column is not stratified that the mean water column light intensity is not high enough

to saturate photosynthesis (Table 5.4). Frequent cloud cover would inrensify light

limitation under these circumstances.

Ratios of C:chl provide indirect evidence of low light exposure. In the 15

and 30 m samples from stratified water columns in the Barrow Strait (depth of the

thermocline is usually 10 m), the C:chl ratio is significantly lower than in samples

from the upper mixed layer (5 and 10 m) (Fig. 5.6, Table 5.3). In culrure and in

nature, c:chl varies with light in light-limited cultures, with Nor- or NHo* in N-

limited cultures (Healey and Hendzel r979a; Laws and Bannister 19g0; Healey

1985), and with depth in the water column (Dortch et al. 1985; Smirh et al. 1995).

In the Barrow Strait samples, C:chl in the stratified water column probably changes

as a result of N and light conditions, both of which fluctuated.
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Helbling et al. (1995) correlated chlorophyll and areal photosynthesis in rhe

Antarctic with depth of the upper mixed layer. During years with mixed depths <40

m chlorophyll, concentration and areal photosynthesis was significantly greater than

when the mixed layer was >40 m. Using mean values for incident irradiance, and I¡,

the differences were explained in terms of light. Gowen et al. (1995) correlated

nutrient concentration and chlorophyll with the subsurface light climate in the

northwestern Irish Sea and Sakshaug et al. (1991) used a mathematical model to

describe the development of phytoplankton blooms as a function of the depth of the

wind-mixed layer, spectral distribution of light, passage of atmospheric low-pressure

systems, size of the initial phytoplankton stock and loss rates. Realistic mixed layers

and frequency of high wind events produced output where macronutrients were rarely

exhausted.

In lakes, irradiance in the upper mixed layer may be less than that required to

saturate photosynthesis but high light extinction due to suspended sediments (Hecky

and Guildford 1984) or high chlorophyll concentration (Agusti et al. 1990) rarher

than depth of the mixed layer were the controlling factors.

Light- and N-Deficiency

The Barrow Strait data show clear examples of N-deficiency in the upper

mixed layer of stratified water columns (N debt, C:N and NO, concentrations) (Figs.

5.3, 5.6). In the deeper waters of stratified water columns (i.e. below the mixed

layer) and in non-stratified waters, there is evidence for tight limitation [low C:chl
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ratios (Fig. 5.6) and I/I* <1.0 (Table 5.a)1. Another way of looking ar rhe dara is to

plot C:N, an indicator of N status, against I*, the light level required to saturate

photosynthesis (Fig. 5.11) used here as an indicator of light srarus. Figure 5.11

includes data of Platt et al. (1987) and Irwin et al. (1985) from Jones Sound and

Lancaster Sound during August and September 1983. When N is not deficient, as

indicated by C:N ratios less than 10, values for I* are usually low <4.0 mEin.

m-tmin-l and when N is deficient, ru is usually higher (Fig.5.l1). Based on

theoretical grounds, it would be expected that the lower Iu under non-N-deficient

conditions was a function of acclimation in the form of c¿B increasing at low light.

That is, the efficiency of chlorophyll is greater at lower light levels than at higher

levels because at low light the cells are less nutrient stressed than at high light. The

scatter in both the CIB and PB, data is too large to see any pattern with nutrient-

deficiency, however Iu, the ratio of PB* to cx,B, does exhibit a fairly clear pattern when

plotted against N-deficiency (Fig. 5.11).

Samples showing N-deficiency and higher Iu are generaily from the top 10 m

of the water column. N debt was also closely correlared to Iu fig. 5.r2) and c:chl,

an indicator of nutrient and light status, demonstrated a similar pattern (Fig. 5.13).

High C:chl ratios are indicative of nutrient stress and low C:chl ratios are indicative

of light stress. The combined data sets indicate that most of the nutrient stressed

samples a¡e from the 5 and 10 m depths and the most nutrient stressed are from



Figure 5.11. The relationship between the particulate C:N molar ratio and I*.

Numbers indicate the depth of the sample in m. Data incrude 19g9

values from this study and values from the same vicinity (Jones

sound and Lancaster Sound) from Platt et aL. L98i and Irwin et al.

1985.
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stratified water column. The low C:ctrl ratios, indicative of tight stress, are found in

the deeper samples and/or unstratified water columns (Fig. 5.i3).

The tradeoff between light and nutrient-deficiency is frequently observed in a

variety of natural systems. Hecky and Guildford (1984) observed light-deficiency in

a northern reservoir due to erosion increasing suspended sediment. When mean

water column light intensity was greater than I* in the reservoir, light-deficiency was

replaced by P-deficiency. Pennock and sharp (lgg4), in the Delaware Esruary,

observed light-deficiency in spring due to high turbidity which was followed by firsr

P and then N deficiency.

The higher the I*, the more iikely is higher iight intensity and the more likely

is a phytoplankton assemblage which is nutrient stressed. Rey (1991) compared

mean I* values for the Canadian Arctic (4.68 mEin'm-2rnin-t) (from Harrison and

Platt 1986) with Barents sea Arctic (2.82 mBinm-2.min-r). The lower I* in the

Barents Sea data set may be the result of deeper mixing depths on average. The

average Io in the data from this study was similar to Harrison and Platt, =4 mEin.m-

'min-'. These results may suggest that the Barents sea is more light and less

nutrient-deficient than in the Canadian Arctic where more physical protection

because of persistent ice cover prevents deep mixing.

Alkaline Phosphatase Activity

Nutrient status and light data together yield a convincing picture of N-

deficiency during stratified periods and light-deficiency during unstratified periods.



Figure 5.12. The relationship between Iu and N debt in Barrow Strait during

August 1989. Numbers indicate sampie depth. Abbreviations as in

Figs. 5.6 and 5.9.
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Figure 5.13. carbon:chl at different depths. Data include 1989 and 1991 values

from this study and values from Jones sound and Lancaster sound

(Platt et al. r98l; Irwin et al. 1985). samples from srrarified water

columns are denoted by the number 1, and 2 denotes unstratified.

Abbreviations as in Fig. 5.5.
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Except for the alkaline phosphatase activity, there is no evidence for p-deficiency.

SRP concentrations are high and exhibit no vertical structure in stratified water

columns; C:P ratios and P debt measurements all imply no P-deficiency. ApA is a

commonly used measure of the presence and degree of P-deficiency in freshwater

(Pick 1986; Guildford et al. 1994) and is occasionally used in the ocean (perry 1972:

Davies and Smith 1988; Guildford 1993). The rates of APA measured in the Bamow

Strait are comparable to those of a moderately P-deficient lake on the Canadian

Shield during the summer stratified season. It does not seem likely that the ApA

activity in the Barrow Strait samples is the product of P starved algae. It is also not

likely that the SRP measured is somehow unavailable to the phytoplankton. It is

well known that APA is produced by bacteria as well as phytoplankton, but it is not

expected that bacteria in the Barrow Strait samples are any more likely to be p-

deficient than the phytoplankton. It is much more likely that the bacteria are

substrate-limited (Thingstad and Martissen 1991). Organic carbon is more likely to

limit bacterial growth in the Arctic Ocean where there are low terrestrial inputs and

low aquatic production on an annual basis. It is possible that the levels of ApA

observed are the product of bacterial phosphatases used to break down organic matter

to obtain organic ca¡bon for growth. In this study, highest total rates of ApA

occurred at lowest suspended C concentrations (Fig.5.1a). Harrison noted in two

studies (Harrison et al. 1982; Harrison 1983) that rates of regeneration of SRP in

A¡ctic samples were anomalously high compared to temperate and tropical SRp
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regeneration rates. Cleavage of phosphate ester bonds may be necessary to allow

effective metabolism of organic carbon sources in C starvation situations.



Figure 5'14. Total aikaline phosphatase activity (APA) plotted against particulate

C for samples from the Barrow Strait during August i989 and 1991.
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Chapter 6

Summary and Conclusions
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1. Gradient of lake size

Phytoplankton in large, stratif,ied lakes (20 to 82,300 km2) on the Canadian

Shield in northwestern Ontario were on average less phosphorus deficient than

smaller stratif,red lakes (<20 km2¡ in the same area. Nutrient status measurements

and photosynthesis at optimum light normalized to particulate carbon indicated

phytoptankton had higher relative growth rates in the large lakes compared to the

small lakes (Table 6.1). Larger lakes had deeper mixing depths on average than the

smaller lakes (Table 6.1) and this resuited in lower mean water column light

intensities in the larger lakes. Although lower, these mean wate¡ column light

intensities were still high enough that light limitation did not replace P-limitation in

the larger lakes. Nor did the deeper mixing depths and higher eddy diffusivity

coefficients in the larger lakes appear to result in a significantly increased supply of

P from below the thermocline (Fee et al. 1994). It is suggested that in lakes with

deep mixed layers that nutrients are cycled more efficiently because they spend a

longer time within the mixed layer. In contrast, nutrients are more quickiy lost by

sedimentation from the shallow very stable mixed layers of the smaller lakes.

2. Aquacultural gradient

Salmon pens and mussel strings located in a large bay on the south coast of

Nova Scotia provided a gradient in point source anthropogenic nutrients. On the

basis of physical, chemical and chlorophyll measurements, it was difficult to see any

pattern distinguishing the sites located near aquaculture activity from those over



Table 6'1' Summary data form the study locations. TN:TP = total nitrogen:total phosphorus atomic ratio; Deficiency: N =nitrogen, p = phosphorus, Si = silicon; Pop,'C-t = lighçsaturated rate oi pnótosynthesis normalized to particulate
carbon (FM C'h-' FM C-t).

Location

Arctic

Arctic

TN:TP

Shelf

Slope

Sargasso Sea

19

t9

Stratified

Canadian Shield

large lakes

small lakes

26

36

50

yes

no

I not including Lake Superior

N; noPorSi

no N, P or Si; possibly light

no

no

both

Deficiency

6gt

86

no N, P, or Si

no N, P; possibly Si

N and P, no Si

yes Zr,">8m

yes Z*,*<8m

PandN

PandN

Poo,' C-l

0.004

0.016

0.030

0.011

0.011

0.014

0.01

P
È
,E
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1.6 km way from the aquaculture sites. Nutrient status measurements indicated that

phytoplankton at the sites remote from the aquaculture activity were N-deficient

while the phytoplankton at the aquacuiture sites were less N-deficient and had higher

rates of Si uptake.

3. Stratified and unstratified Arctic coastal water

Straits and Sounds in the Canadian Arctic Archipelago are physically dynamic

environments due to currents, tides and ice. Melting water from A¡ctic sea ice

creates a density gradient and the broken pans of sea ice promote stability in the

upper water column. Phytoplankton nutrient status measurements indicated that

phytoplankton were strongly N-deficient in shallow mixed layers but more likely

light-deficient in unstratified warer.

4. Coastal to Sargasso Sea gradient in the North Atlantic

This transect provided a gradient in physical energy, vertical mixing, total

nutrient supply and ratio of TN:TP. Nutrient status measurements indicated that

phytoplankton were not nutrient-limited in the coastal upwelling Shelf location and

were probably growing at high relative growth rates. At the Shelf Break, N and P

were not deficient but Si may have been a factor for diatom growth. In the Sargasso

Sea, N and P were both low and nutrient status measurements indicated severe P-

deficiency as well as N-deficiency. The TN:TP ratio was much higher in the mid-
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ocean gyre than on the Shelf, and this high ratio is likely the reason p-deficiency

occurs in the Sargasso Sea.

5. Freshwater to marine gradient

When the marine and freshwater data sets are combined, some clear patterns

emerge. The elemental ratios of the nutrient pool and the degree of stratification

determine the phytoplankton nutrient status. In the high Arctic where the lowest

TN:TP ratio (Table 6.1) was found, severe N-deficiency was measu¡ed (as indicated

by high particulate C:N and high N debt assay results) when the water column was

stratified. Under stratified conditions the nutrient status indicators and carbon

turnover (Table 6.i) implied low relative growth rates. When the Arctic warer

column was not stratified no strong indicators of nutrient-deficiency were observed

and ca¡bon turnover rates were higher when samples were incubated at optimum

light (Table 6.1).

Strong stratification was not observed on the Shelf during April and no

indication of N, P or Si-deficiency was observed. Carbon turnover rates were

consistently the highest measured in the entire study (Table 6.1). These results imply

high relative growth rates in the Shelf water which is not surprising since this area

supports a very productive fishery.

Strongly stratified conditions did not develop during the time on rhe Siope

station and N or P-deficiency was not observed. Carbon turnover rates were low

even at optimum light (Table 6.1) in Slope water. A nurrient status indicaro¡ for Si,



147

the C:Si ratio was higher in the Slope water than any other marine locations in the

study. Si-deficient diatoms may have been the reason carbon turnover was low in

Slope water.

In the Sargasso Sea, the TN:TP ratio was 50, much higher than the coastal or

slope water (Tabie 6.1) and when stratification occurred., nutrient status

measurements indicated severe P as well as N-deficiency. Carbon turnover was

lower than the Shelf water.

In a group of stratified lakes on the Canadian Shield in northwestern Ontario,

the TN:TP ratios were much higher than any of the marine sites (Table 6.1). All the

lakes in the study were severely P-deficient. Smaller stratified lakes with mixing

depths on average under 8 m were the most strongly P-deficient and had low carbon

turnover rates (Table 6.i). Larger lakes with mixed depths greater than 8 m were

also P-deficient but not as severely P-deficient as the smaller lakes and the carbon

turnover rates were on average higher in the large lakes than the small lakes. The

lakes were on average more nutrient-deficient and had lower carbon turnover rates

than the unstratified, non nutrient-def,rcient marine stations (Table 6.1), but were

similar to the stratif,ted, nut¡ient-deficient marine locations examined (Table 6.1).

General Conclusions

When physical, chemical and nutrient status measurements were made across

the wide range of conditions provided in lakes and oceans some common patterns

emerged. Stable, stratified physical conditions were necessary for nutrient-deficiency
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to develop. V/hether N or P that became deficient under stratified conditions was

predictable from the TN:TP ratio. At low TN:TP, such as in the A¡ctic study, N was

severely deficient in stratified water. At higher TN:TP, such as in the Sargasso Sea

and in lakes on the Canadian Shield, P-deficiency occurred under stratified

conditions. The nutrient status measurements tested in steady state culture were

useful for understanding the processes controiling phytoplankton growth in nature.

The nutrient status measurements applied in this research are simple and

robust. They can and should be utilized to evaluate the factors that control

phytoplankton growth in waters around the world, but these methods wili be

especialiy useful to the scientific evaluation of water quality in developing countries.

They can help to define the nature of nuisance and toxic algal growth problems

which increasingly occur in lakes and coastal areas globally. They can also heip to

define the necessary conditions for improving or maintaining trophic efficiencies in

these aquatic ecosystems by identifying the nutrient imbalances which limit

phytoplankton growth or quality of the phytoplankton ration for consumers.

No single physical, chemical or nutrient status measurement will be adequate

to evaluate the processes controlling phytoplankton growth because growth conditions

are multifactorial and dynamic. It is important to recognize temporal and spatial

scales relevant to growth and design sampling schemes appropriately. A suite of

nutrient status measurements should be employed and redundancy is encouraged

because individuai measurements may have specific methodological limitations or

unappreciated interpretations. In this study the alkaline phosphatase method in the
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Sargasso Sea gave evidence of mode¡ate to extreme P limitation and was detectible

in coastal environments when stoichiometric ratios indicated P sufficiency. These

results may either call into question the applicability of the assay in ma¡ine

envi¡onments OR that the enzyme is playing some as yet undetermined role in the

cycling of nutrients. Further resea¡ch is necessary on this topic.

New, sensitive probes for nutrient deficiency are being developed and should

be welcomed after appropriate testing and evaluation in defined environments.

However, the same concern about maintaining redundancy will apply to new

methods. The methods applied in this research have demonstrable utility and will

continue to provide valuable and cost effective information alongside newer methods.

The simplicity and utility of the current methods will certainly insure their

application for the foreseeable future in the study and modelling of phytoplankton

growth.
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Appendix 1. Chemical data from the upper mixed layer collected along rhe Shelf, Slope,
Sargasso Sea transect from Aprrl4-I9, L99I. -1 = below detection.
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l
8

9

10

11

L2
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T4

i5
L6

17

Date
Z = depth (m)
L = locatiofl, Y = Shelf, S = Sargasso, G = Slope, R = Shelf
Lat = latitude
Long - longitude
NO, = nitrate measured at the Freshwater Institute (¡rmole)
No, - nitrate measured at the Bedford Institute of oceanography (pmote)
Susp N = suspended nitrogen measured at the Freshwater Institute (¡rmote)
Susp N = suspended nitrogen measured at the Bedford Institute of Oceanography
(¡rmole)
TDN = total dissolved nitrogen measured at the Freshwater Institute (¡rmole)
SRP = soluble reactive phosphate measured at the Freshwater Institute (¡rmole)
Poo = phosphate measured at the Bedford Institute of oceanography (¡.rmole)
Susp P = suspended phosphorus measured at the Freshwater Institute (¡rmole)
TDP = total dissolved phosphate measured at the Freshwater Institute (¡-rmole)
DOC = dissolved organic ca¡bon measured at the Freshwater Institute (prmole)
susp c = suspended carbon measured at the Freshwater Institute (¡rmole)
Susp C = suspended carbon measured at the Bedford Institute of Oceanography
(pmoie)
chl a = chlorophyll a measured at the Freshwater Institute (pg L't)
chl a = chlorophyll a measured at the Bedford Institute of oceanography (pg L-')
Phae = phaeophytin measured ar the Bedford Institute of oceanography (pg L-')
SRSi = soluble reactive silicon measured at the Freshwater Institute (¡rmole)
SRSi = soluble reâctive silicon measured at the Bedford Institute of Oceanography
(pmole)
Susp si = suspended silicon measured at the Freshwater Institute (¡rmole)
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Table 1. Chemical dala from the upper mixed layer collected along lhe Shelf, Slope Sargasso Sea transecl from April 4-19, 19g.l.
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Table 2. Linear regressions between similar va¡iables measured at the Freshwater Institute (FWI) and
at the Bedford Institute of Oceanography (BIO). The model used is: variable (FWI) =
variable (BIO) + constant chlorophyll (UglI-), susp C suspended carbon (4g), susp N =
suspended nitrogen (qmole), NO, = nitrate (qmole), SRSi = soluble reactive silicon
(itmole). Regressions were done when the analyses were done on water taken from similar
depths.

Va¡iable Coefficient Constant

Chlorophyll

Susp C

Susp N

NO,

SRSi

0.85

0.93
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0.82

0.57
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0.689

0.633

0.r2'7
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0.146

0.821
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Table 3. Comparison of va¡iables measured at both the Freshwater Institute and the Bedford Institute of
Oceanography. Abbreviations and units as in Table 2. Statistics were done on all samples from
within the mixed layer.

Variable Mean MaxMin
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sRSi (Bro)

35

59

35

43

1.3

t.47
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