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Abstract 
By using an elemental-stoichiometry approach to zooplankton-phytoplankton interactions, we compare elemental 

composition and aspects of nutrient deficiency across a variety of marine and freshwater ecosystems. During 1992 
and 1993 we sampled a total of 31 lakes (in northern Wisconsin and Michigan and the Experimental Lakes Area 
of northern Ontario) and 21 marine stations (at seven estuarine, coastal, and open-ocean sites in the Atlantic and 
Pacific) for elemental composition of zooplankton, seston, and dissolved components. Relative degree of nutrient 
deficiency was assessed by phytoplankton dark uptake of ammonia and phosphate, as well as growth response of 
phytoplankton to N and P addition. Marine and freshwater systems differed greatly in N and P concentrations, N: 
P stoichiometry, and the distribution of N and P within dissolved, seston, and zooplankton pools. Particularly notable 
was the high proportion of N and, especially, P that was incorporated in the particulate fraction (seston + zoo- 
plankton) of lakes compared to marine sites. In freshwater systems, Daphnia spp., which have low body N: P, 
dominated zooplankton communities when seston C :P and N:P were also low, and calanoids that tend to have 
high body N : P dominated when seston C : P and N : P was high. This relationship between zooplankton community 
composition and seston elemental stoichiometry supports arguments for the importance of food quality constraints 
on zooplankton growth in freshwater systems. Such patterns were not seen in marine systems. 

Interest in comparative analyses of ecosystems seems to 
be increasing (Cole et al. 1991). Such a trend is arguably a 
sign of maturation in the science of ecology, as scientists 
evaluate the generality of the principles of ecosystem struc- 
ture and function suggested by intensive study of individual 
ecosystems or a narrow range of ecosystem types. Peters et 
al. (1991) delineated a variety of benefits arising from am- 
bitious comparative study of ecosystems, including sizable 
improvements in scale, breadth, generality, economy, and 
timeliness, compared to the accumulation of disaggregated 
information arising from an explosively expanding ecologi- 
cal research literature (Root 1987). Aquatic scientists have 
also recognized the need for comparative study, emphasizing 
in particular the need for a more complete understanding of 
the nature of marine and freshwater ecosystems (Nixon 
1988). For example, delineation of similarities or differences 
in the functioning of pelagic ecosystems in lakes and oceans 
may be critical in determining whether insights obtained at 
the more manageable scale of lakes may be extrapolated 
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validly to marine pelagia. In addition, comparative studies 
of diverse aquatic ecosystems may help counteract effects of 
disciplinary specialization (Nixon 1988), reducing the po- 
tential for intellectual isolation of oceanographers, lake ecol- 
ogists, and stream ecologists. 

Despite the intellectual benefits of comparative ecology, 
several factors complicate its application. One of the primary 
constraints on comparative ecology is identification of a con- 
ceptual or analytical framework that can be applied in anal- 
ysis of diverse ecosystems and ecosystem types (Downing 
199 1). Common approaches include multivariate compres- 
sions of diverse ecosystem data (e.g. Vitousek 1977), anal- 
yses of energy flow (primary or secondary production) or 
energy storage (biomass of autotrophs or heterotrophs) such 
as those accomplished during the International Biological 
Program (e.g. O’Neill et al. 1989), and univariate consider- 
ations of biotic responses to nutrient (especially P) loading 
(e.g. Vollenweider 1976). Such studies have provided nu- 
merous insights into important similarities and differences 
between ecosystems. We propose ecological stoichiometry 
of biologically important elements as an additional perspec- 
tive that offers promise in comparative ecology. Ecological 
stoichiometry traces its intellectual history to Lotka (1924) 
and its most explicit articulation to Reiners (1986). This ap- 
proach focuses on the relative abundance (ratios) of critical 
elements (such as C, N, and P) during ecological interactions 
as means for insight into diverse phenomena such as for- 
aging behavior of individuals, population regulation, re- 
source competition, and nutrient limitation of primary pro- 
duction (Sterner et al. 1992). Ecological stoichiometry may 
be especially appropriate for comparative ecology, because 
all biotic and most abiotic components of ecosystems can be 
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characterized with respect to ratios of nutrient elements such 
as C, N, and P 

The difficulty of obtaining comparable data from a variety 
of ecosystems also potentially interferes with successful 
comparative analyses of ecosystems (Peters et al. 1991). 
Broad comparative studies of ecosystems have generally 
compiled data from the literature, where selective data re- 
porting and differences in sampling approaches, analytical 
techniques, and data analysis potentially introduce biases in 
data that are difficult to diagnose. In this study we seek to 
compare the ecological stoichiometry of C, N, and P in the 
lower pelagic food web of marine and freshwater pelagic 
ecosystems and use standardized sampling and analytical 
procedures to obtain data from a variety of lake and coastal 
and off-shore pelagic ecosystems. We wished to evaluate the 
degree of N and P limitation of microplankton growth in 
marine and freshwaters by assessing N and P ratios in major 
nutrient pools and by performing nutrient deficiency bioas- 
says. By doing so, we could directly test a paradigm of 
aquatic ecology in which lake phytoplankton growth is con- 
sidered to be limited primarily by P and marine phytoplank- 
ton growth by N (see Hecky and Kilham 1988). We also 
present detailed data on the association of stoichiometric im- 
balance between zooplankton and phytoplankton N and P 
with relative N and P deficiency in lakes and oceans. We 
thus test the hypothesis that differences in relative phyto- 
plankton N and P deficiency in lakes and oceans are driven 
by differences in zooplankton body N : P and therefore rel- 
ative rates of N and P recycling, of dominant zooplankters 
in marine and frcshwaters (Elser et al. 1988). Alternatively, 
food-quality constraints, reflected in differences in seston C : 
N, C : P and N : P relative to zooplankton body composition, 
could be a key factor in driving zooplankton community 
composition (Sterner 1990b; Sterner et al. 1992). General 
patterns regarding these parameters have been reported pre- 
viously (Elser and Hassett 1994). 

In this paper we address several questions regarding sto- 
ichiometric relationships among pelagic ecosystems. Does 
the quantity and relative amount of limiting nutrient (N or 
P) stored in major pelagic pools differ for marine vs. fresh- 
water ecosystems, for estuaries vs. coastal/offshore marine 
waters, or for lakes from different lake districts or with dif- 
fering food-web structures? Are shifts in zooplankton com- 
munity structure associated with shifts in zooplankton N : P 
and pelagic stoichiometry in marine and freshwater systems? 
Does the degree and nature (N vs. P) of algal nutrient defi- 
ciency differ for marine vs. freshwater pelagic systems or 
for lakes with differing food-web structure? 

Methods 

Sampling locations- Freshwater samples were collected 
from 25 lakes in Wisconsin (NTL-North Temperate Lakes 
LTER), Michigan (UNDERC-University of Notre Dame 
Environmental Research Center), and Ontario, Canada 
(ELA-Experimental Lakes Area). Marine samples were 
collected from estuarine stations in South Carolina (North 
Inlet LTER), New York (Stony Brook Harbor and Flax Pond, 
Long Island), and Maine (Damariscotta River estuary), and 

coastal-oceanic sites in the Gulf of California (off Puerto 
Pefiasco, Sonora, Mexico), southeast Pacific Ocean, and At- 
lantic Gulf Stream ( 1 O-40 km off Melbourne, Florida). 
More detailed information on station locations and charac- 
teristics is presented in Table 1. For the data analysis, marine 
sites were subdivided as estuarine sites and coastal-oceanic 
sites. Freshwater sites were analyzed both by location (ELA 
vs. NTL-UNDERC area of Wisconsin and Michigan) and by 
food-web structure (piscivore dominated [primarily bass and 
pike], planktivore dominated, fishless, and trout-stocked or 
native trout dominated). Information on lake food-web struc- 
ture was taken from Tonn and Magnuson (1982) and Rahel 
(I 984). 

Determination of N and P pool sizes and elemental ra- 
tios-Before field collections, temperature profiles were 
taken to determine the depth of the mixed layer/epilimnion. 
Duplicate water samples were then taken from bottom, mid- 
point, and top of the mixed layer with a 6-liter horizontal 
van Dorn water bottle. Water samples were prescreened 
through 83-pm mesh to remove most larger zooplankton and 
each vertical series was combined to produce two pooled 
mixed-layer samples (PMLs). Duplicate vertical zooplankton 
tows were taken with a 0.5-m, 160-pm mesh plankton net 
equipped with a General Oceanics flowmeter from 0.5 m 
above the bottom to the surface in lakes and shallow marine 
sites and from the entire surface mixed layer for deeper ma- 
rine sites. Zooplankton samples were held in a cooler in 
1 -liter jars until processed. 

Samples for dissolved nutrients were first filtered through 
0.2-pm polycarbonate filters and then frozen for later anal- 
ysis of total dissolved nitrogen (TDN) and phosphorus 
(TDP) (American Public Health Association 1992). Water 
samples were stored in 250-ml polyethylene bottles that were 
first acid-washed and rinsed in distilled, deionized water. 
Particulate samples were collected onto precombusted (24 h 
at 450°C) glass-fiber filters (Gelman GF/F, 0.7-pm porosity) 
and dried at 60°C. Particulate matter was analyzed for P 
content calorimetrically after persulfate oxidation (American 
Public Health Association 1992), for C and N with a Perkin- 
Elmer model 2400 CHN analyzer, and for Chl a fluoro- 
metrically following overnight extraction in cold absolute 
methanol (Marker et al. 1980; Strickland and Parsons 1972). 
Seston samples include particulates between 0.7 and 83 ,um 
and potentially include phytoplankton, bacteria, microzoo- 
plankton, and detritus. We assessed potential detrital contri- 
bution to high C : P lake samples (which might be reflecting 
a high C : P detrital contribution) by using a C : Chl ratio 
characteristic of P-limited phytoplankton (200: 1 by mass; 
Healey and Hendzel 1980) and calculating the percentage of 
the seston C that is attributable to phytoplankton C. This 
calculation indicated that 90% of the seston C could be at- 
tributed to chlorophyll-containing particles (Elser and Has- 
sett 1994). 

Zooplankton samples were sequentially split with a thrce- 
way plankton splitter until an appropriate amount of zoo- 
plankton for chemical analyses was present in the split. One 
split was preserved with Lugol’s preservative for later enu- 
meration. In the freshwater samples, Chaoborus spp. were 
removed from the splits used for elemental analysis and were 
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Table 1. Summary of sampling locations. Net haul depth is maximum depth of zooplankton net haul. Chl a (pg liter-‘) is averaged 
from three depths within epilimnion-surface mixed layer. Chl a for Maine sites estimated from seston carbon based on carbon : Chl a ratio 
of 36 (avg. of marine sites, excluding North Inlet low tide sites). 

Net haul 

Site Date Notes 
depth Surface temp. 
Cm) CC) Chl a 

Freshwater 
Wisconsin, Northern Lakes LTER 

Trout Lake 

Allequash Lake 
Big Muskellunge Lake 
Sparkling Lake 
Blueberry Lake 
Crystal Lake 
Spruce Lake 
Mystery Lake 
Firefly Lake 

Little Rock Lake (north) 
Little Rock Lake (south) 
Trout Bog 
Nebish Lake 
Little John Jr. Lake 
Pauto Lake 
Bug Lake 

Michigan, UNDERC Lakes 
Peter Lake 
Long Lake (east) 

Long Lake (west) 
Long Lake (central) 
Tuesday Lake 
Tender Bog 

Ontario, Experimental Lakes Area 
Lake 109 
Lake 110 
Lake 224 
Lake 227 
Lake 239 
Lake 240 
Lake 261 
Lake 305 
Lake 428 

Marine-estuarine 
South Carolina, North Inlet LTER 

Oyster Landing 

Clambank Landing 

Town Creek 

Inlet Mouth 

Long Island, New York 
Stony Brook Harbor 
Flax Pond 

Damariscotta River, Maine 

Gulf of California 

4 Jul 92 
8 Jul 92 

10 Aug 93 
7 Jul 92 
7 Jul 92 
7 Jul 92 

10 Jul 92 
10 Jul 92 
13 Jul 92 
13 Jul 92 
13 Jul 92 
2 Aug 93 

19 Aug 92 
19 Aug 92 
19 Aug 92 
4 Aug 93 
2 Aug 93 
9 Aug 93 

12 Aug 93 

16 Aug 92 
16 Aug 92 
6 Aug 93 

16 Aug 92 
16 Aug 92 
6 Aug 93 

16 Aug 92 

10 Jun 93 Planktivore 9 16.3 
22 Aug 93 Piscivore 10 21.6 
IO Jun 93 Lake trout 26 16.7 
29 Aug 93 Piscivore 9 20.2 
24 Jul 93 Piscivore 30 20.3 
22 Aug 93 Piscivore 12 22.1 
24 Jun 93 Planktivore 8 18.8 
11 Aug 93 Lake trout 28 22.0 
13 Aug 93 Planktivore 13 21.1 

7 Aug 92 Low tide 
13 Aug 92 High tide 
7 Aug 92 Low tide 

13 Aug 92 High tide 
10 Aug 92 Low tide 
13 Aug 92 High tide 
10 Aug 92 Incoming tide 

17 Aug 92 
17 Aug 92 
26 Aug 92 
26 Aug 92 

8 Apr 93 
8 Apr 93 

Piscivore 

Piscivorc 
Piscivore 
Piscivore 
Piscivore 
Piscivore/trout stocked 
Piscivore 
Planktivore 
Piscivore/trout stocked 

Piscivore 
Piscivore 
Planktivore 
Piscivore 
Piscivore 
Piscivore/trout stocked* 
Planktivore 

Piscivore 
Planktivore* 

Piscivorc 
Fishless* 
Planktivore 
Fishless 

Incoming tide 
High tide 

3 

Estuary mouth, ebbing tide 16 
Mid-estuary, low tide 3 
5 km off Puerto Pefiasco, Sonora 16 
5 km off Puerto PeAasco 25 

- 15.0 8.9 
25 16.4 5.4 
14 21.5 7.1 
8 17.1 5.1 

15 17.2 16.8 
10 17.4 3.7 
4 20.3 9.8 

18 18.7 2.3 
3 19.4 12.3 
2 19.0 58.9 

11 19.7 5.9 
5 21.7 3.4 
4 21.9 4.9 
3 21.2 5.6 
3 20.8 6.0 
8 24.2 5.3 
5 22.4 8.9 

13 22.2 5.7 
3 24.3 28.0 

10 
11 
12 
12 
3 

12 
7 

1 25.0 

4 

5 

21.5 
20.3 
20.1 
20.3 
20.3 

18.5 

28.3 
27.2 
28.5 

19.4 
19.4 

18.8 

7.2 
17.2 
5.7 
3.9 

15.2 
10.6 
13.3 

1.2 
1.7 
1.0 

22.4 
1.1 
1.0 

- 
0.6 
2.6 

53.8 
29.1 
36.2 
22.5 
41.8 
43.8 
43.4 

3.9 
3.0 
9.8 

16.2 
9.2 

10.8 
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Table 1. Continued. 

Site Date Notes 

Net haul 
depth Surface temp. 
(W 03 Chl a 

Southeast Pacific Ocean 

Florida, Gulf Stream 

8 Apr 93 
3 Jun 93 
4 Jun 93 
4 Jun 93 
9 Jul 93 
9 Jul 93 
9 Jul 93 

10 Jul 93 

IO km off Puerto Peiiasco 30 5.9 
25-3 I .277N, 123-01.12OW 30 22.2 1.2 
26-32.109N, 122-17.084W 30 1.1 
27-l 2.080N, 121-46.117W 30 21.2 1.0 
40 km off Melbourne, Florida 40 27.5 1.1 
36 km off Melbourne 40 0.9 
18 km off Melbourne 30 0.7 
4 km off Melbourne 20 27.7 0.7 

* Lake status uncertain; in the case of the UNDERC lakes the intended food-web structure is indicated. 

not used in the species composition analysis. When zoo- 
plankton samples contained appreciable densities of large 
phytoplankton cells, zooplankton were separated from phy- 
toplankton by narcotization and settling. Known aliquots of 
zooplankton were placed on precombusted, preweighed Gel- 
man GF/C glass-fiber filters under gentle vacuum. Marine 
samples were rinsed briefly with distilled water while under 
vacuum to remove salts. Filters with animals were dried 
(6O”C), reweighed, and analyzed for P or N with the same 
methods used for seston. Zooplankton N : P was then cal- 
culated for each duplicate net tow based on %P and %N per 
unit dry weight. 

For each site the elemental imbalance and predicted re- 
cycling ratio was calculated from the seston and zooplankton 
elemental ratios. Elemental imbalance was calculated as ses- 
ton N : P - zooplankton N : P (Sterner 1990b), so that a pos- 
itive imbalance indicates seston N : P > zooplankton N : F? 
Recycling ratio is the N : P predicted to be recycled by zoo- 
plankton at each site given the measured zooplankton and 
seston N : P When N : P imbalance >O, N : Prccycletl = N : PSCblO,, 
- N : Pzoop,W( 1 - L), where L is the maximum accumulation 
efficiency of the element (Sterner 1990b). When N : P im- 
balance SO, N : Prccvcled = N : P,, S,On (1 - L)l(l - LN : P,,,,,,/ 
N : P/.oop,). An accumulation efficiency of 0.75 was used for 
the calculations of recycling ratio. For comparison, we also 
calculated recycling ratios for accumulation efficiencies of 
0.5 and 0.9. Accumulation efficiencies are assumed to be the 
same for both elements. 

Zooplankton species composition-Preserved zooplankton 
samples were counted to species or genera for the major 
components of the plankton, To assess the contribution of 
the different components of the zooplankton to the total bio- 
mass, we also measured individual sizes for each sample. 
About 20 individuals of the dominant species within each 
sample were measured for length, and these lengths were 
converted to biomass using length/weight regressions. Re- 
gression equations for freshwater cyclopoid and Calanoid co- 
pepods were from Malley et al. (1989), and regressions for 
cladoceran species were calculated directly from samples 
collected at ELA. Regression equations for Oithona spp. 
were taken from Sabatini and Kiorboe (1994) and Acartia 
spp. from Landry (1978). Regressions for Calanoid copepods 
and nauplii were calculated from data of Davis (1984); for 
ostracods, chaetognaths, decapods, amphipods, medusae, 

and ctenophores, data were from Miller (1966). To convert 
wet weight data of Miller (1966) to dry weight, conversion 
factors were taken from Curl (1962), Beers (1966), and 
Omori (1969). Carbon was assumed to be 40% of copepod 
dry weight when a conversion factor was necessary (Beers 
1966; avg. for May-August). For marine cladocerans, the 
freshwater Bosmina equation was used, as this yielded a val- 
ue equal to the single length-weight data point for a marine 
cladoceran in Miller (1966). To assign average weights to 
minor components of each sample that were not sized, we 
took the average weights of these components for all rela- 
tively similar sites (e.g. NTL or Atlantic marine stations) and 
applied them to the minor components. These minor taxa 
generally contributed < 1% of total biomass. The biomass 
data were used to determine the biomass-weighted average 
size of the zooplankton community for each site (ZM,; Elser 
et al. 1988). Biomass-weighted size of the zooplankton com- 
munity was calculated as ZM, = z((bmi X Ci)lCCi, where 
bm; is average weight for species i in pg and Ci is zooplank- 
ton concentration for species i in pg liter-‘. 

Indices of nutrient deficiency-The relative degree of nu- 
trient deficiency in the phytoplankton community was as- 
sessed by both nitrogen/phosphorus-debt experiments and 
dilution bioassays. N- and P-deficient phytoplankton in cul- 
ture have been shown to take up greater quantities of the 
deficient nutrients than non-nutrient-deficient phytoplankton 
(Healy and Hendzel 1980). N-P debt experiments were per- 
formed with the PML samples by inoculating 125-ml bottles 
with 25 PM NH, and 5 PM PO, and measuring dark uptake 
after - 18-25 h of incubation. Nutrient uptake was found to 
be nonlinear, occurring primarily during the first few hours 
of the experiment, so we simply expressed nutrient uptake 
as the total change in ,uM N(P), normalized to seston carbon. 
Results were expressed as the fraction of sites demonstrating 
nutrient uptake to total sites, as well as for those sites dem- 
onstrating uptake, the average PM uptake of N or P and the 
ratio of N debt to P debt, i.e. PM N taken up per PM l? For 
each of the duplicate PMLs we used three controls with no 
enrichment, three +N, three +P, and three +N+ F? To con- 
solidate the ammonium and phosphorus measurements, we 
prepared initial samples by filtering water samples and hold- 
ing them until the end of the experiment and then adding 
nutrients immediately before assaying. Phosphate was ana- 
lyzed calorimetrically by the phosphomolybdate method 
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(American Public Health Association 1992) and ammonium 
by the indophenol-blue method (Solorzano 1969). When 
samples for phosphate and ammonium could not be pro- 
cessed within a few hours, they were frozen and analyzed 
within 3 d. 

Size-fractionated N-P debt experiments were performed 
at a limited number of sites in 1993 (seven freshwater and 
seven marine) to determine which size fractions (> 1 pm and 
<1 pm) were responsible for the observed changes in nu- 
trient concentrations during the incubations. In these exper- 
iments, a parallel set of incubations was prepared with water 
filtered through a 1 .O-pm polycarbonate filter, with the same 
nutrient treatments as above. Samples were handled as in the 
standard N-P debt experiments. 

Bioassay experiments evaluated Chl a response to nutrient 
additions after 48-h incubations. PMLs from each site were 
combined for the bioassays, and water was filtered through 
a 0.2-pm Gelman cannister filter to prepare a 90% dilution. 
To this dilution were added enrichments as in the above N- 
P debt experiment, so that 12 500-ml experimental bottles 
were prepared for each site. Initial Chl a samples were taken 
at the start of the experiment (n = 5), and after the incu- 
bation period the bottle contents were filtered on Gelman 
GF/F filters and assayed for Chl a content following over- 
night extraction of the filter in cold methanol. Incubations 
were conducted under ambient light conditions that varied 
from site to site. Thus, comparisons can only be made within 
sites and not between sites. 

Statistical analysis-Statistical analyses were performed 
with Statview (Abacus Concepts). ANOVA analysis was 
performed on concentration, elemental ratio, percent com- 
position, and nutrient-deficiency experiment data grouped by 
four regions (NTL, including the UNDERC lakes, ELA, ma- 
rine estuarine sites, and marine coastal and oceanic sites). 
Because only one site was truly oceanic (three stations in 
the southeast Pacific), marine coastal (Gulf of California and 
Atlantic Gulf Stream) and oceanic sites were treated as a 
group. Data for the ANOVA analyses were tested for ho- 
mogeneity of variance and were transformed where appro- 
priate by either in (I + x) or square root (x) (the latter for 
percent composition data). Regional comparisons were test- 
ed by Scheffe’s F-test. Multiple regression analyses were 
performed on the zooplankton community composition data 
for different stoichiometric parameters. Freshwater zoo- 
plankton were grouped into four taxonomic categories 
(Daphnia spp., nondaphnid cladocerans, Calanoid copepods, 
and cyclopoid copepods). Marine zooplankton were grouped 
into seven categories (Calanoid copepods, cyclopoid cope- 
pods, harpacticoid copepods, crustacean nauplii [predomi- 
nantly barnacle nauplii], other crustaceans [cladocerans and 
decapods], salps and larvaceans, and miscellaneous preda- 
tors [predominantly chaeotognaths]). These groupings ac- 
counted for >95% of the estimated biomass in our sites. 

Results 

Pool sizes and elemental ratios-Freshwater and marine 
sites differed greatly in a broad range of the parameters mea- 
sured. Dissolved N and P (TDN and TDP) were greater in 

marine sites, and seston and zooplankton N and P were, in 
general, greater in freshwater sites. Differences were much 
more pronounced for P than for N, with the only nonsignif- 
icant difference among P pools being between 2.P in the 
NTL lakes and coastal-oceanic sites. There was no difference 
between lake and coastal-oceanic sites in ZN, as well as no 
difference between lakes and estuarine sites in seston C or 
N. In general, more differences were observed comparing 
freshwater to marine sites than in comparing the two lake 
(NTL-UNDERC vs. ELA) or two marine (estuarine vs. 
coastal-oceanic) -regions (Table 2). However, several differ- 
ences stand out in the latter comparisons. First, ELA lakes 
had significantly lower TDP and CP than did NTL-UN- 
DERC lakes (Fig. 1). Estuarine sites had a significantly 
greater quantity of C, N, and P in the seston pool, as well 
as greater XP, than did oceanic-coastal sites. 

Expressing the N and P concentrations in terms of percent 
contribution to the different pools (dissolved, seston, and 
zooplankton) illustrates the pronounced differences both be- 
tween marine and freshwater systems and between N and I? 
ELA and NTL-UNDERC lakes were differentiated only by 
the lower %P in the dissolved pool of ELA lakes (Table 2, 
Fig. 2). Estuarine sites had a higher proportion of N and P 
in the seston pool, as well as a smaller proportion of N and 
P in the dissolved fraction, compared to the coastal-oceanic 
sites. Marine and freshwater sites differed particularly in the 
proportion of P incorporated in the dissolved, seston, and 
zooplankton pools (Table 2, Fig. 3). Twice as much P as N 
was incorporated in particulates (seston plus zooplankton) in 
all regions, both freshwater and marine. In lakes, nearly two- 
thirds of the P was incorporated in the combined seston and 
zooplankton fractions, with 17% of this in the zooplankton. 
The fraction of P in the zooplankton pool was as high as 
53% (ELA Lake 109). ELA lakes had relatively more P in 
the seston and zooplankton pools and less in the dissolved 
pool compared to the NTL-UNDERC lakes. There was a 
marginally significant (ANOVA, P = 0.065) effect of food- 
web structure on the fraction of total phosphorus in the zoo- 
plankton, with fishless and planktivore-dominated lakes hav- 
ing a relatively low fraction and trout-dominated lakes a 
large fraction of the P in the zooplankton pool. In the marine 
sites, the maximum amount of P tied up in the zooplankton 
at any station was 4% (Gulf Stream Sta. 1). In this regard, 
estuarine sites were intermediate between the oceanic marine 
and freshwater sites, having a considerable amount of P in 
the seston pool but still very little in the zooplankton. Most 
of the N was in the dissolved pool in both freshwater and 
marine sites and did not differ significantly between different 
regions. 

Comparing various ratios, the two lake regions were dif- 
ferentiated by the significantly higher ZN : P (all pools com- 
bined) and seston C : N and C : P in the ELA lakes (Table 2, 
Fig. 4). Estuarine sites had lower ZN : P than did coastal- 
oceanic sites. Both estuarine and coastal-oceanic sites had 
significantly lower N : P and C : P in the seston than did 
freshwater sites. Seston C : N was lower in estuaries than in 
either lake region but in the ocean regions was only signif- 
icantly lower compared to the ELA lakes, not the NTL lakes. 
The only significant difference among regions in zooplank- 
ton N: P was between the NTL-UNDERC lakes and the 
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Table 2. Results of ANOVA model of regions vs. stoichiometric parameters. Part a presents differences in concentrations; part b presents 
differences in elemental ratios and imbalances, percent composition, and results of nutrient-debt experiments. EST-marine estuarine sites, 
OCE-marine coastal and oceanic sites. ZM, is biomass-weighted zooplankton size; s-z imb is the imbalance between seston and zooplank- 
ton N: P; recyc.-recycled; %N(P)-d(s,z) refers to percent nitrogen (or phosphorus) in the dissolved (or seston, zooplankton) fraction. 
Significant differences for comparisons between regions are shown with an asterisk; ns-nonsignificant. 

a> 
Dissolved 

TDN TDP 

Seston Zooplankton Total nutrients 

C N P C N P N P ZM, Biomass 

P-value 

Comparisons 
NTL-ELA 
NTL-OCE 
NTL-EST 
ELA-OCE 
ELA-EST 
OCE-EST 

b) 

0.001 

ns 
* 
* 
L 
* 

ns 

2 Nu- 
trients 
N:P 

0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.00 1 0.001 0.001 

* ns ns ns ns ns ns ns * ns * 
* * * * * * * ns ns * * 
* ns ns * * * * * * * * 
* * * 0 * * * ns * ns * 
* ns ns * * * * * * * * 

ns * * * ns ns ns ns * * ns 

Seston Zoopl. s-z Recyc. N P 
C:N C:P N:P N:P imb N:P %Nd %Ns %Nz %Pd %Ps %Pz debt debt 

P-value 

Comparisons 
NTL-ELA 
NTL-OCE 
NTL-EST 
ELA-OCE 
ELA-EST 
OCE-EST 

0.001 0.001 0.001 0.001 0.008 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 ns 0.02 

* * * ns ns ns * ns ns ns * ns ns ns ns 
ns ns * * * * * * * * * * * ns * 
* * * * ns * * ns ns * ns ns * ns ns 
* * * * ns * * * * * * * * ns ns 
* * * * ns * * ns ns * * ns * ns ns 
* ns ns ns ns ns ns * * ns * * ns ns ns 

bZl % element dissolved % element in seston E % element in zooplankton 

80 80 

60 60 
z a 

8 8 

40 40 

20 20 

0 0 

ELA NTL EST OCE ELA NTL EST OCE 

Fig. 1. Concentrations of nitrogen (N) and phosphorus (P) (in 
pm liter-‘) within different pools in the four freshwater and marine 
regions sampled. ELA-Experimental Lakes Arca; NTL-North 
Temperate Lakes LTER and UNDERC lakes, northern Wisconsin 
and Michigan; EST-marine estuarine sites; OCE-marine coastal 
and oceanic sites. TDN and TDP-total dissolved N and P respec- 
tivcly; ZN and XP-combined (dissolved + seston + zooplankton) 
N and P Sample sizes: ELA y1 = 9, NTL n = 25, EST II = 11, 
OCE y1 = 10. 

coastal-oceanic sites. However, overall zooplankton N : P 
was significantly lower in lakes than in marine sites (Elser 
and Hassett 1994). The elemental imbalance between seston 
and zooplankton did not differ significantly between the 
ELA and NTL-UNDERC freshwater sites or between coast- 
al-oceanic and estuarine sites (Fig. 4f). However, freshwater 
and marine sites differed greatly in elemental imbalance (El- 
ser and Hassett 1994). Both freshwater regions had a positive 
(seston N: P > zooplankton N: P) imbalance, and coastal 
oceanic sites had a negative (seston N : P < zooplankton N : 
P) imbalance. Estuarine sites were essentially in stoichio- 
metric balance (seston N : P = zooplankton N : P). These dif- 
ferences in the N : P imbalances led to pronounced differ- 
ences in the N : P ratio that would be recycled by 
zooplankton (assuming a maximum accumulation efficiency 
of 0.75). Marine zooplankton would recycle at about the 
Redfield ratio of 16 and freshwater zooplankton at a much 
higher N : P (= 100) (Fig. 5). In freshwater systems there was 
a positive correlation between the N : P imbalance and the 
z.P in the system, such that lakes with a high P content 
tended to show the greatest imbalance between seston and 
zooplankton N : P (Fig. 6). 

Recycling ratios were also calculated for accumulation ef- 
ficiencies (ae) of 0.5 and 0.9 (Fig. 5). The trend among 
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zooplankton) in the four freshwater and marine regions. Abbrevia- 
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regions was not affected by using a different ae in the cal- 
culation. However, changing ae did affect the magnitude of 
the calculated recycling ratio. The recycling ratio in lakes 
was sensitive to the choice of ae, with high recycling ratios 
associated with high ae, but ocean, and to a lesser extent 
estuarine, sites were relatively unaffected by changing ae. 
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Zooplankton species composition-Tables 3 and 4 summa- 
rize data by site for zooplankton composition, with data com- 
bined into major taxonomic groupings. In freshwater sites (Ta- 
ble 3), major taxa were Calanoid and cyclopoid copepods and 
Daphnia spp., with other cladocerans contributing significantly 
in a number of sites. When the freshwater sites are categorized 
according to food-web structure (planktivore, piscivore, trout- 
stocked [or native lake trout dominated], and fishless), the no- 
table feature is the dominance of Calanoid copepods in the 
trout-dominated lakes (ANOVA, significant P = 0.003). In ma- 
rine sites (Table 4), most of the zooplankton biomass was 
contributed by Calanoid copepods, although Stony Brook Har- 
bor was overwhelmingly dominated by a ctenophore bloom. 
Cyclopoid copepods were often important contributors and 
dominated at several sites (Flax Pond and Gulf Stream Sta. 3). 
Cyclopoid dominance at the Gulf Stream site was due to an 
abundance of large Corycaeus spp. Zooplankton biomass was 
significantly higher in the NTL-UNDERC freshwater sites than 
in either the marine sites or the ELA freshwater sites (Table 2, 
Fig. 7). 

Biomass-weighted average individual size (ZM,) at each site 
is presented for aggregate samples in Table 4. If primarily car- 
nivorous groups are excluded from the calculation of ZM, (e.g. 
ctenophores, chaeotognaths, and cyclopoid copepods), the ZM, 
at several sites is significantly affected, most notably Stony 
Brook Harbor (due to large ctenophores) and Gulf of California 
Sta. 1 and Gulf Stream Sta. 3 (both due to chaetognaths). ZM, 
was significantly lower in the marine sites than freshwater, al- 
though there was no significant difference between NTL-UN- 
DERC and ELA (Table 2, Fig. 7). 

A multiple regression analysis was done between zooplank- 
ton taxa and stoichiometric parameters. Percent contribution of 
zooplankton taxonomic groupings to total biomass were re- 
gressed against seston C : N, C : P and N : P zooplankton N : P 
total N : P, N : P imbalance, and N : P recycling ratio. Freshwater 

1.6- e 50 

40 
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ELA NTL EST OCE ELA NTL-ESfOCi ELA NTL EST OCE ELA NTL EST OCE 

Fig. 3. Percent of element in particulate matter (seston and zooplankton combined) 
freshwater and marine regions. Abbreviations and sample sizes as for Fig. 1. 

in the four 
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Fig. 4. Elemental ratios for seston C : N, seston C : P, seston N : P, total nutrients (=%N : P), 
zooplankton N : P, and N : P imbalance (seston N : P - zooplankton N : P). Abbreviations and sample 
sizes as for Fig. 1. Horizontal line denotes Redfield ratios, C : N = 6.6, N: P = 16, and C : P = 
106. 

Fig. 5. Recycled N : P (calculated for accumulation efficiencies 
of 0.5, 0.75, and 0.9) for the four regions. Abbreviations and sample 
sizes as for Fig. 1. Horizontal line denotes Redfield ratio, N : P = 
16. 
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Fig, 6. N: P imbalance vs. total P (pm liter-‘, dissolved + ses- 
ton + zooplankton) at freshwater sites. Line denotes linear-regres- 
sion fit to the data. 
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Table 3. Zooplankton composition in percent contribution of taxa to total biomass. ZM, refers to biomass-weighted size in pg ind.-‘. 

Freshwater sites 

Biomass 
Diaphano- Holope- Cerio- Calanoid Cyclopoid 

Daphnia Bosmina soma dium Chydorus daphnia copepods copepods 

Big Muskellunge Lake 388 22.7 73.0 0.0 0.1 0.1 0.0 0.0 13.1 13.7 
Allequash Lake 73 10.5 7.9 0.4 1 .o 16.9 0.0 4.9 41.3 26.2 
Sparkling Lake 93 8.8 2.7 1.1 0.5 0.0 0.2 0.0 41.0 54.4 
Trout Lake 2 151 10.0 27.6 1.3 0.2 4.8 0.1 0.4 32.1 33.4 
Blueberry lake 253 13.3 38.5 4.5 1.0 16.6 0.0 9.2 0.0 31.1 
Crystal Lake 102 15.8 42.9 0.0 0.1 0.0 0.0 0.0 16.7 40.3 
Mystery Lake 127 8.5 8.1 1.7 8.8 20.8 10.7 7.8 26.6 15.4 
Spruce Lake 420 11.2 34.3 4.4 2.5 14.4 0.0 0.0 29.8 14.7 
Firefly Lake 1 305 11.5 19.7 0.3 6.3 9.7 0.0 0.0 59.9 3.9 
Peter Lake 18 7.4 4.4 2.3 0.0 0.0 0.0 0.0 10.1 82.6 
Long Lake (west) 30 13.4 48.9 0.2 0.0 0.3 0.0 1.0 0.0 49.4 
Long Lake (cast) 1 20 8.5 61.2 11.0 0.0 0.0 0.0 20.2 0.0 7.5 
Tender Bog 13 18.2 76.5 0.0 0.0 0.4 0.1 0.0 22.3 0.5 
Long Lake (central) 221 22.8 87.7 0.0 0.2 0.4 0.0 0.4 3.6 7.7 
Little Rock Lake (north) 271 7.5 35.6 17.7 18.4 1.4 0.0 0.0 2.9 23.0 
Little Rock Lake (south) 56 16.0 2.0 0.3 7.3 52.0 0.0 0.0 20.5 17.7 
Trout Bog 64 3.7 18.9 61.1 0.0 0.0 0.0 I .2 4.7 Il.5 
Firefly Lake 2 169 7.4 1.0 0.1 6.5 0.2 0.0 0.0 87.2 4.5 
Little John Jr. Lake 21 8.5 0.3 0.0 58.4 2.5 0.0 0.0 32.9 5.9 
Nebish Lake 101 33.7 0.0 0.1 1.5 74.5 0.0 0.0 16.6 7.2 
Tuesday lake 46 8.4 4.9 1.8 3.5 0.0 0.0 0.0 0.5 89.0 
Long Lake (east) 2 97 16.9 97.1 0.4 0.0 0.0 0.0 0.0 0.4 2.0 
Pauto Lake 337 14.4 24.1 0.0 0.3 1.9 0.0 0.4 63.0 10.2 
Trout Lake 3 49 8.5 5.8 0.2 8.8 3.6 0.3 0.3 37.2 43.5 
Bug Lake I 14 5.4 1.7 0.6 21.5 11.2 0.3 10.0 5.3 47.3 
ELA Lake 109 187 10.8 3.3 0.2 0.0 49.4 0.1 0.0 32.1 14.8 
ELA Lake 224 93 11.3 18.1 0.0 0.0 7.5 0.0 0.0 67.8 6.6 
ELA Lake 110 238 10.2 0.0 0.0 0.1 0.0 0.0 0.0 60.4 39.5 
ELA Lake 227 23 9.5 12.1 0.2 27.1 0.0 0.0 0.0 4.6 55.8 
ELA Lake 261 160 8.5 11.3 0.3 13.3 0.0 0.0 0.0 35.0 40.2 
ELA Lake 239 27 11.0 43.2 0.2 14.1 2.8 0.0 0.0 20.9 18.4 
ELA Lake 305 112 9.6 5.6 0.0 0.2 6.0 0.0 0.0 34.6 53.6 
ELA Lake 428 80 10.8 27.0 0.0 0.6 0.0 0.0 0.0 35.1 37.3 
ELA Lake 240 53 9.7 14.4 0.0 1.2 3.9 0.0 4.0 61.8 14.6 

taxa were analyzed in four groups and demonstrated a signif- 
icant result for four stoichiometric parameters, with Daphnia 
spp. having a significant negative coefficient for seston C :P 
seston N : P N : P imbalance, and predicted N : P recycled, and 
Calanoid copepods a significant positive coefficient for the same 
four parameters as well as total N: P (Table 5). Thus, at low 
seston N: P and C: P sites, Daphnia dominated zooplankton 
communities, with less N: P imbalance and lower recycling 
ratio. At high seston N : P and C : P calanoids were more im- 
portant and led to a greater N: P imbalance and higher recy- 
cling ratio. Marine taxa were analyzed in five groups and yield- 
ed significant regressions for total N : P and seston C : N. Both 
Calanoid copepods and total nauplii (which includes all crus- 
tacean nauplii, with barnacle nauplii dominating the high bio- 
mass samples) were positively related to the total N : P ratio in 
the system. Salp and larvacean abundance was positively re- 
lated to seston C: N, and Calanoid copepods were negatively 
related to seston C : N. 

Indices of nutrient deficiency-Lakes and coastal-oceanic 
sites differed significantly in the frequency and extent of P 
deficiency (Table 2, Fig. 8), with lakes being limited to a 

much greater degree than marine sites. P uptake occurred in 
34 of 35 lake sites, with Trout Bog being the only exception. 
P uptake was common in the estuarine sites (10 of 11) but 
occurred in less than half of the coastal-oceanic sites (4 of 
10) (Table 6). N debt was highly variable, particularly in 
planktivorous and trout-stocked lakes and in the coastal-oce- 
anic sites. Overall, ammonia uptake was observed in 16 of 
34 freshwater sites (3 of 9 at ELA and 13 of 25 at NTL- 
UNDERC) and in a similar percentage (10 of 21) of marine 
sites (6 of 11 estuarine and 4 of 10 coastal-oceanic). How- 
ever, a higher carbon-specific uptake was observed in the 
coastal-oceanic sites. We also determined the chlorophyll- 
specific nutrient debt, and applied the ratios of N debt : Chl 
a and P debt : Chl a used by Healey and Hendzel (1980) as 
indicators of N and P deficiency [N debt : Chl a > 0.15 pm 
N (pg Chl a)-’ and P debt: Chl a > 0.075 pm P (fig Chl 
a) -I]. With these indicators, 2 of 11 coastal-oceanic sites 
were characterized as N deficient, while no estuarine or lake 
sites were N deficient. Conversely, 18 of 34 lake sites were 
P deficient (9 of 9 ELA lakes and 9 of 25 NTL lakes) and 
only 1 of 21 marine sites was P deficient (1 of 11 estuarine 
sites and no coastal-oceanic sites). 
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Table 4. Zooplankton composition in percent contribution of taxa to total biomass. ZM, refers to biomass-weighted size in pg ind.-‘. 
Numbers in parentheses indicate ZM, estimates when large carnivores are omitted: Stony Brook Harbor, ctenophores omitted; Gulf of 
California 1, chaetognaths; and Gulf Stream 3, Corycaeus spp. (cyclopoid). In other marine sites there was little difference in ZM, estimates 
with and without carnivorous taxa. 

Cycle- Harpac- Larva- Cteno- 
Biomass Calanoid poid ticoid Other ceans phores 
(a DW ZM, cope- cope- cope- Clado- Ostra- crusta- Chaeto- and and me- 

Marinc sites liter- ’ ) 0-G) pods pods pods cerans cods Nauplii ceans gnaths salps dusae 

Oyster Landing low tide 10.2 2.4 74.0 12.4 1.4 0.5 4.7 5.2 1.9 0.0 0.0 0.0 
Oyster Landing high tide 0.8 1.9 61.1 7.8 2.1 0.0 4.1 16.1 8.7 0.0 0.0 0.2 
Clam Bank low tide 7.1 2.8 31.6 19.6 2.5 0.8 21.1 22.1 0.0 1.6 0.0 0.8 
Clam Bank high tide 3.0 1.8 63.2 20.4 7.5 0.0 2.3 5.8 0.5 0.4 0.0 0.0 
Town Creek low tide 6.5 2.7 77.6 8.6 1.0 0.0 2.8 8.8 0.8 0.3 0.0 0.0 
Town Creek high tide 9.6 2.8 70.1 20.7 3.3 0.0 1.5 1.6 1.1 1.4 0.0 0.4 
Inlet Mouth 7.9 3.5 86.4 2.7 1.3 0.0 0.3 8.3 0.5 0.5 0.1 0.1 
Damariscotta River 20.7 3.5 86.9 6.8 0.1 0.3 1.6 4.0 0.0 0.0 0.0 0.4 
Damariscotta Mouth 68.5 7.3 86.0 9.5 0.0 2.6 0.4 0.0 00 00 0.0 
Stony Brook Harbor 33.7 45.0(1.9) 0.2 0.2 0.0 0.0 

A:; 
0.0 00 

0:4 
0’0 
0:O 

0’0 
0:O 

99.6 
Flax Pond, NY 1.2 
Gulf of California 1 3.6 21 

i&9) 15.1 68.4 5.9 0.0 7.3 1.3 1.6 
21.2 12.7 18.4 10.0 0.0 0.1 2.8 34.6 0.2 0.0 

Gulf of California 2 1.2 6.9 20.9 21.2 33.1 10.0 0.0 0.0 7.8 6.6 0.0 0.4 
Gulf of California 3 4.9 4.3 64.2 9.0 6.0 8.8 0.0 0.1 5.4 4.0 2.6 0.0 
South East Pacific 1 7.0 9.8 82.1 10.9 2.8 0.6 0.0 0.1 0.0 1.7 1.8 0.0 
South East Pacific 2 8.6 4.9 80.7 16.7 1.1 0.4 0.0 0.0 0.2 0.0 0.9 0.0 
South East Pacific 3 4.9 3.7 67.8 26.0 0.2 1.4 0.0 0.2 1.7 0.5 2.2 0.0 
Gulf Stream 1 72.1 7.8 56.2 10.9 0.8 0.3 0.6 0.2 18.7 8.0 9.5 0.0 
Gulf Stream 2 70.9 7.8 51.6 14.1 0.8 1.3 3.6 0.2 17.7 8.7 9.4 0.1 
Gulf Stream 3 59.9 14.5(6.3) 22.5 55.4 1.8 1.0 1.7 0.1 7.9 7.0 4.9 0.6 
Gulf Stream 4 267.0 3.4 28.6 27.7 1.5 26.2 0.0 0.4 16.3 11.8 1.6 0.4 

Ammonium was released during about 50% of the incu- 
bations in both freshwater and marine sites, and size-frac- 
tionation experiments revealed that this increase was due 
entirely to the < l-pm seston size fraction. Ammonium pro- 
duction was especially high in east Long Lake in 1993 [0.16 
PM N (PM C)-I]. P uptake occurred consistently in both 
size fractions in lakes. N and P uptake were observed to- 
gether in the same incubations about as often as P uptake 
alone (15 lakes exhibited both N and P uptake, and 18 lakes 

Fig. 7. [a.] Zooplankton biomass determined from replicate ver- 
tical metered net hauls. [b.] Biomass-weighted individual weight 
(ZM,, pg DW ind.-‘) calculated from length-weight regressions, 
Abbreviations and sample sizes as for Fig. 1. 

exhibited only P uptake; in marine sites, 6 exhibited N and 
P uptake, 7 only P uptake); however, N uptake in the absence 
of P uptake was less common, being observed in only one 
lake (Trout Bog) and four marine sites. 

Bioassay responses to nutrient addition were quite limited. 
Strongest responses in freshwater sites were to combined N 
and P additions, where incubations showed a significant in- 
crease in Chl a at 11 of the 34 lake sites (Spruce, Mystery, 
Firefly, Bug, east Long and central Long, Tender Bog, ELA 
Lake 110, ELA Lake 239, and ELA Lake 240). Only 4 of 
34 sites responded to N alone (Firefly, Bug, Tender Bog, 
ELA Lake 239), and 2 of 34 sites to P alone (Pauto, east 
Long). Marine sites showed little growth response to nutrient 
additions, except for the Gulf Stream stations, which showed 
a significant response to both N, P, and N + P additions. 
Due to differences in the light regime among sites during 
incubations, the magnitude of the responses cannot be com- 
pared among sites. 

Discussion 

We have previously documented general differences in el- 
emental stoichiometry between marine and freshwater sys- 
tems, in which imbalances in N : P between seston and zoo- 
plankton were positive (seston N : P > zooplankton N : P) in 
freshwater systems and negative in marine systems, as well 
as being of greater magnitude in freshwater systems (Elser 
and Hassett 1994). These results indicated that consumer- 
driven recycling ratios in freshwater systems would be 4-6 
times higher than in marine systems. Our present results 
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Table 5. Results of multiple regression model of percent contribution to biomass by taxa vs. 
stoichiometric parameters. P-values for coefficients given in parentheses. 

R2 

Non- 
daphnid Calanoid Cyclopoid 

P Intercept Daphnia cladocerans copepods copepods 

Freshwater (4,29) 
Seston C : P 0.34 0.015 323 -46.7 

(0.0 1) 
Seston N : P 0.33 0.019 41.7 -4.28 

(0.002) 
Total N : P 0.60 0.00 1 55.4 -0.703 

(ns> 
N : P imbalance 0.29 0.035 26.1 -4.44 

(0.006) 
N i P recycled 0.31 0.026 115 -18.8 

(0.002) 

5.27 
(ns> 
0.235 
(ns> 

-3.09 
(0.006) 
0.088 
W 
2.54 
(ns> 

33.6 
(0.03) 
2.72 

(0.02) 
6.36 

(0.02) 
3.031 

(0.02) 
11.4 
(0.02) 

R2 

Harpac- 
Calanoid Cyclopoid ticoid Total 

P Intercept copepods copepods copepods nauplii 

16.8 
ON 
1.30 
(ns> 

-0.423 
(ns> 
1.11 
(ns> 
4.69 
(ns> 

Salps 
larvaceans 

Marine (5,lO) 
Total N : P 0.78 0.001 - 148 48.0 -38.4 -17.7 3.08 - 1.35 

(0.006) (0.001) 0-N (0.05) (ns> 

point to several other important distinctions in the stoichio- 
metric relationships between marine and freshwater systems, 
as well as between lake districts (Canadian ELA lakes vs. 
the NTL of northern Wisconsin and Michigan) and marine 
habitats (estuarine vs. coastal-oceanic). 

Comparisons between lake regions-me two lake districts 
were relatively similar for most parameters. However, the Ca- 
nadian ELA lakes were relatively P-poor, resulting in a higher 
seston C : P and total N: P ratio than in the Wisconsin-Michi- 
gan lakes. The ELA lakes also had a relatively low zooplankton 
biomass. The multiple regression model indicates that Daphnia 
spp., which have low body N : P (Andersen and Hessen 1991), 
tend to occur in lakes with low seston N: P Conversely, cal- 
anoid copepods, which have higher body N: P (Andersen and 

0.25 a 

1 
0.025 b 

1 

ELA NTL EST OCE ELA NTL EST OCE 

Fig. 8. N debt and P debt as measured by dark uptake of N (P) 
normalized to seston C. Only those sites in which nutrient uptake 
occurred are included. The number of such sites is given in Table 6. 

Hessen 1991), tend to occur in lakes with high seston N : P If 
zooplankton were mediating seston N: P through nutrient re- 
cycling (Elser et al. 1988), we would predict that Daphnia and 
Calanoid copepods would be driving lake seston toward high 
and low N : P respectively, the opposite of what was observed. 
Zooplankton recycling therefore does not seem to be driving 
broadscale patterns in seston C : P and N : P ratios. Rather, the 
observations would suggest that the zooplankton community is 
likely to have an N : P ratio more similar to the seston N : P 
which, together with the prevalence of seston C : P ratios above 
the incipient limiting ratio for zooplankton growth (Elser and 
Hassett 1.994), argues for the importance of P- based food qual- 
ity constraints on the zooplankton communities of lakes. 

The question remains as to what is driving variation in 
seston C : P ratios in pelagic ecosystems. R. W. Sterner et al. 
(in press) propose a light-nutrient hypothesis whereby seston 
C : P is driven by the interaction between light intensity and 
nutrient (P) supply in the mixed layer. When light penetra- 
tion is relatively deep compared to mixed-layer depth, P sup- 
ply becomes limiting and high seston C : P results. Converse- 

Table 6. Frequency of responses in nutrient-debt experiments in 
different regions, + indicates nutrient uptake was observed; “de- 
ficient” indicates that uptake exceeded values of N debt: Chl a > 
0.15 pm N (pg Chl a)-’ and P debt : Chl a > 0.075 pm P (pg Chl 
a> I used by Healey and Hendzel (1980) as indicators of phyto- 
plankton nutrient deficiency. 

N P 

Region Total sites + Deficient + Deficient 

ELA 9 3 0 9 9 
NTL 25 13 0 24 9 
EST 11 6 0 10 1 
OCE 10 4 2 4 0 
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ly, if light penetration is shallow compared to mixed-layer 
depth, phytoplankton growth is light-limited and nutrient de- 
ficiency is weak, resulting in a lower seston C : P. To test this 
idea with out lake data, we calculated an index of the relative 
balance of light and nutrient supply in the following way. 
We calculated the mean light intensity in the mixed layer 
(1,) by using the equation of Sterner (1990a) and by using 
data for light extinction and mixed-layer depth for dates 
closest to our sampling dates. As an index of nutrient supply 
we used the total phosphorus concentration. We found a 
strong correlation (P < 0.001, r* = 0.45) between seston C : 
P and I,,, : TP It seems that lakes of the Canadian Shield at 
ELA have higher seston C : P values than do lakes of north- 
ern Wisconsin (Fig. 4) because ELA lakes have a more im- 
balanced supply of light and nutrients for phytoplankton 
growth. Thus, mechanisms affecting light and nutrient sup- 
ply in lakes appear to be an important factor in establishing 
the food quality of the seston and thus in imposing stoichi- 
ometric constraints on the zooplankton community. 

Comparisons between estuaries and oceans-Both estuarine 
and coastal-oceanic sites were characterized by relatively low 
zooplankton biomass and small-bodied zooplankton commu- 
nities compared to lakes, with little N or P in the zooplankton 
pool and low C : P and N: P ratios in the seston. Estuaries, 
however, had higher total N and P and a higher percentage of 
nutrients in the seston pool, similar to that of lakes. The estu- 
arine sites were essentially in stoichiometric balance between 
seston and zooplankton, in contrast to the negative imbalance 
(seston N : P < zooplankton N: P) of coastal-oceanic sites and 
positive imbalance of lakes. Evidence of N deficiency was in- 
dicated at 2 of 11 coastal-oceanic sites, but no estuarine sites, 
based on the nutrient-debt criteria of Healey and Hendzel 
(1980). P deficiency was indicated in none of the coastal-oce- 
anic sites and in 1 of 11 estuarine sites. 

In both marine and freshwater systems, the total N : P (dis- 
solved + seston + zooplankton) at all sites was greater than 
the Redfield ratio of 16 : 1. Due to the dominating contri- 
bution of dissolved N and P pools to total N: P ratio in 
coastal and oceanic marine systems, dissolved N: P is the 
primary determinant of total N : I? In deep-ocean and open- 
ocean waters, TDN : TDP ratios are typically near Redfield 
(Martin et al. 1987). At the US-JGOFS station in the oli- 
gotrophic North Pacific (22”45’N, 158”W), for instance, 22 
vertical profiles yielded a consistent TDN : TDP of 17 : 1, 
with no significant difference between the shallow (O- 
200-m) samples and the total data base (O-4,500 m), al- 
though more variability was observed in surface waters (Karl 
et al. 1993). With minor contribution expected from seston 
and zooplankton, total N : P at the US-JGOFS station would 
be near the Redfield ratio, in contrast to the marine systems 
we sampled. For sites in which we have inorganic nitrogen 
(nitrate and ammonium) estimates (Gulf of California and 
North Inlet sites), it would seem that the bulk of TDN is 
organic (DON), typical of marine environments (Sharp 
1983). Our measurements at North Inlet sites are in close 
agreement with values reported by Wolaver et al. (1984) for 
the same area during late summer (TDN -25-40 PM, TDP 
-0.4-0.8 PM, seston N -12-15 PM, seston P -1.0-l .2 
PM, compared to our average values of TDN = 37, TDP = 

0.4, seston N = 16, seston P = 0.8), so we do not think 
there is a systematic error in our TDN or TDP measure- 
ments. Sharp (1983) noted that DON : DOP ratios are typi- 
cally higher in coastal than oceanic waters, which may ex- 
plain the discrepancy between TDN : TDP values we 
observed and near-Redfield values observed by Karl et al. 
(1993) in oligotrophic ocean waters. 

The largest pool for both N and P is the dissolved pool, 
and, as discussed above, oceanic total N : P values, in general 
may be less than what we measured in our primarily coastal 
and estuarine survey. Knauer et al. (1979) found that in 
coastal water under upwelling conditions, N : P of sinking 
particles was - 18 (about equivalent to seston N : P), but in 
open ocean and nonupwelling conditions N : P of settling 
particles is greater (-30). The near-Redfield N : P ratios in 
open-ocean and deep-ocean waters (Martin et al. 1987) im- 
plies a more efficient retention of phosphorus within surface 
waters of the open ocean or under nonupwelling conditions, 
consistent with observations of fast recycling of phosphorus 
relative to nitrogen in decomposing phytoplankton (Grill and 
Richards 1964). The negative N : P imbalance in the marine 
phytoplankton-zooplankton stoichiometry would tend to ac- 
centuate N limitation due to the relatively greater N demand 
of zooplankton compared to P (Elser and Hassett 1994). 
However, recycling by microzooplankton and bacteria could 
produce an opposing trend, due to low body N : P relative to 
seston (Skjoldal 1993). Bacterial N : P is a critical factor in 
determining the functional role of bacteria in nutrient cycling 
(Elser et al. 1995; Tezuka 1990). In the high total N : P sys- 
tems we sampled, bacterial recycling would be expected to 
sequester P and release N, on balance, assuming the total N 
and P in the system are equally available. This may have 
been occurring in east Long Lake in 1993, where very high 
ammonia production was observed in the <l-pm seston size 
fraction (presumably representing bacterial recycling) as 
well as phosphate uptake in the same size fraction. The ses- 
ton in east Long Lake had low C : N (4,6), high C : P (257), 
high N : P (56), and a positive response to P addition in the 
dilution bioassay, all indicating strong P limitation. In the 
marine (Gulf Stream) sites in which P uptake occurred in 
the nutrient debt experiments and where size fractionation 
was performed, it was the <l-pm fraction that was respon- 
sible for the uptake. Thus, in microbial food-web-dominated 
marine systems, stoichiometric relationships could accentu- 
ate phosphorus limitation, as seems to occur in the Mediter- 
ranean Sea (Thingstad and Rassoulzadegan 1995). 

He&y and Kilham (1988) made the point that evidence for 
N limitation in oceans is not as strong as that for P limitation 
in lakes, as the range of experimental scales in marine systems 
is more limited. Marine mesocosm-scale experiments that dem- 
onstrate N limitation (e.g. Oviatt et al. 1995) are essentially 
conducted under coastal-estuarine conditions and may involve 
very different stoichiometric constraints than corresponding 
open-ocean conditions. In light of the recent recognition of the 
potential for shifts between N and P limitation in the oligotro- 
phic open ocean (Karl et al. 1995), the stoichiometric relation- 
ships involved in the microbial food web could be a significant 
factor in the transition. 
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Comparisons between lakes and oceans-Between-sys- 
tern differences (freshwater vs. marine) in both the concen- 
trations and stoichiometry of N and P were more frequently 
observed than differences within systems (ELA vs. NTL, 
EST vs. OCE). A notable difference was that a much greater 
percentage of N and P was incorporated in seston and zoo- 
plankton pools in freshwater systems than in coastal-oceanic 
systems, with estuarine systems being intermediate. The dif- 
ference was especially notable for zooplankton contribution, 
which was very small in marine sites. 

In coastal and oceanic marine sites, vertical migration of 
zooplankton might lead to an underestimate of total mixed- 
layer zooplankton in our daytime sampling. For instance, at 
the BIOSTAT station in the eastern tropical Pacific (9”45’N, 
93”45’W) there was a fourfold increase in biomass in the 
mixed layer at night (Sameoto 1986). However, even allow- 
ing for such an increase in zooplankton in the mixed layer, 
the contribution of the zooplankton pool to total phosphorus 
would be only - 1% for our southeast Pacific stations. It is 
therefore doubtful that zooplankton contribute significantly 
as a pool for N or P in our marine systems, whereas in some 
lakes 50% or more of total phosphorus resides in zooplank- 
ton. Also of note is that in all regions sampled (ELA, NTL, 
estuarine, and coastal-oceanic) at least twice as much P (as 
a fraction of total P in each system) was incorporated in 
particulates (seston + zooplankton) as was N. 

Although our sampling range is necessarily limited in 
scope, these patterns are consistent with literature values 
covering a broader range. Lake seston N: P are generally 
greater than the Redfield ratio of 16 : 1, often far greater, over 
a broad range of lake systems (N : P 13-51, Hecky et al. 
1993). N : P of lake zooplankton species has been found to 
vary over a similarly wide range (N : P 14-39; Andersen and 
Hessen 1991). In contrast, marine seston N : P has consis- 
tently been found to be near the Redfield ratio, varying over 
a much smaller range (e.g. LeBorgne 1982; Copin-Montegut 
and Copin-Montegut 1983; Karl et al. 1995). For instance, 
seston N : P in the eastern tropical Atlantic Ocean varied spa- 
tially across a range of 14-24 (LeBorgne 1982), and seston 
N: P in the North Pacific subtropical gyre shifted across a 
decadal time scale from 14 to 19 (Karl et al. 1995). Marine 
zooplankton N : P has consistently been found to be higher 
than Redfield (e.g. N: P = 21 for Calanus finmarchicus 
[Vinogradov 1953; Butler et al. 19691, 27 for copepods in 
the Sargasso Sea [Beers 19661, 24 for zooplankton of Long 
Island Sound [Harris and Riley 19561, and, in the Antarctic, 
40 for copepods, 30-39 for salps, and 20-30 for Eupahausia 
superba [Tkeda and Mitchell 19821). In an extensive field 
study by LeBorgne (1982), zooplankton N : P at 42 stations 
in the eastern tropical Atlantic Ocean varied across a range 
of 19-27, with an average of 24. Zooplankton N: P was 
greater than seston N : P at all 42 stations sampled. Thus, the 
general patterns we observe with respect to freshwater and 
marine stoichiometry are probably not affected by our lim- 
ited sampling scheme, at least when considering temperate 
freshwater and marine systems. However, Ikeda and Mitch- 
ell’s (1982) data for Antarctic zooplankton suggest that co- 
pepod-dominated water columns in Antarctic waters may, in 
fact, have a large stoichiometric imbalance, assuming seston 
N : P is near the Redfield ratio in the Antarctic. 

Calculations of recycling ratios for different accumulation 
efficiencies ae indicate that varying zooplankton ae will have 
a much greater effect on lake nutrient recycling than on ocean 
recycling. Accumulation efficiencies can also vary markedly 
depending upon food source (e.g. Wang et al. [1996] found 
carbon ae between 70 and 94% depending upon phytoplankton 
food species). Furthermore, estimates of nutrient recycling ra- 
tios based on Sterner’s (1990b) equations assume that both el- 
ements are accumulated by the consumer with equal efficien- 
cies, which may not be a realistic assumption. Under the typical 
freshwater conditions of our study (seston N : P >> zooplankton 
N: P), much of the N ingested cannot be used if the consumer 
is to maintain homeostatic body N : P P accumulation efficiency 
(Pae) should be maximized, particularly if zooplankton are P 
limited, but there would be little benefit from increasing N 
accumulation efficiency (Nae) except under circumstances of 
very low Nae (e.g. <0.3-0.4), because N would have to be 
excreted to maintain homeostatic N : I? Thus, we would expect 
any differences in ae to most likely lead to higher N : P recycled 
in lakes. Conversely, in marine systems (seston N: P < zoo- 
plankton N: P), there would be more benefit in maximizing 
Nae, although because marine systems are more stoichiomet- 
rically balanced, differences between Nae and Pae would be 
expected to be small. Thus, changes in zooplankton and phy- 
toplankton community composition and differences in zoo- 
plankton N and P assimilation efficiencies both may have a 
more pronounced effect on recycling ratios in lakes than in 
oceans. 

Our bottle incubation experiments, both N-P debt (see 
also Elser and Hassett 1994) and chlorophyll bioassay, tend 
to support the view that nutrient deficiency was more severe 
in the freshwater systems we studied than in the marine sys- 
tems, as the frequency of both growth response and nutrient 
uptake was higher in the freshwater systems. Although our 
N-P debt data also indicate that our ocean sites were on 
average N deficient and lakes P deficient, the frequency of 
observations of deficiency was much greater in lakes. Sto- 
ichiometric data are consistent with this interpretation. Heal- 
ey and Hendzel (1980) categorized phytoplankton nutrient 
deficiency based on the stoichiometry of C, N, P and Chl a. 
In our study, lake sites at both ELA and NTL would be 
categorized as severely (N : P >22, C : P >258) or moder- 
ately (C: N 8.3-14.6, C: Chl a 4.2-8.3) nutrient deficient. 
Estuarine and coastal-oceanic sites would be categorized as 
either moderately deficient (C : P 129-258) or not deficient 
(N: P <22, C : N <8.3, C : Chl a c4.2). Nixon and Pilson 
(1983) concluded that marine systems tend to respond less 
strongly to N input than lakes do to P input, consistent with 
both the stoichiometry and nutrient-deficiency experiments 
in our study. 

Smith (1984) and Hecky and Kilham (1988) both cautioned 
about extrapolating the results of bottle experiments, which iso- 
late a portion of the ecosystem, to the whole ecosystem with 
its multitude of inputs. Bottle experiments only can demon- 
strate the potential for nutrient limitation at a larger scale 
(Hecky and Kilham 1988). Also, our chlorophyll bioassay ex- 
periments were incubated under ambient light, and light limi- 
tation could potentially be responsible for the infrequent growth 
response in these experiments. Thus, it is important to see the 
nutrient-deficiency experiments in light of the broader stoichi- 
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ometric relationships. The stoichiometric relationships previ- 
ously discussed support the argument that lakes are more nu- 
trient deficient than marine waters. Also, the high proportion 
of N, and particularly P, bound in particulate (seston + zoo- 
plankton) matter in lakes compared to oceans is consistent with 
a relatively greater degree of nutrient limitation, and especially 
limitation by P, in lakes. Similarly, the greater N : P imbalances 
between seston and zooplankton in the freshwater systems ar- 
gue for a greater potential for zooplankton to alter nutrient 
recycling ratios in lakes than in the marine systems we sampled 
(Elser and Hassett 1994), although our results do not support 
zooplankton recycling as a mechanism for determining broad- 
scale patterns in N : P stoichiometry. These observations may 
help explain why phosphorus limitation of phytoplankton 
growth in lakes can be more readily demonstrated than growth 
limitation by N in the ocean (He&y and Kilham 1988). 

We have found that the quantity, relative amount, and ratio 
of N and P stored in major pelagic pools differ markedly for 
marine and freshwater ecosystems, as well as between oce- 
anic and estuarine environments. The most notable features 
are the high proportion of P incorporated in particulate mat- 
ter in lakes and the high proportion of dissolved N and P in 
oceanic systems. Estuaries appear to be intermediate be- 
tween lakes and oceans, being more similar to the oceans 
stoichiometrically (similar seston and total N : P) and more 
similar to lakes in the amount of N and P in the different 
pools. The distribution of nutrient elements within particu- 
late and dissolved pools represents a fundamental qualitative 
difference between freshwater and marine systems. The high 
C : N and C : P and the high proportion of N and P in par- 
ticulate matter in freshwater compared to marine environ- 
ments support the view that lakes are in general more nu- 
trient deficient than oceans. Nutrient deficiency was most 
pronounced in lakes lacking large piscivores, i.e. in shallow 
planktivore-dominated lakes, trout-stocked lakes, and bogs. 

Zooplankton recycling does not seem to be driving seston 
C : P and N : P ratios in our sampled lakes. However, P-based 
food quality effects may be an important constraint on the 
zooplankton community of these lakes (Elser and Hassett 
1994). Multiple regression analysis indicates that low N : P 
zooplankton taxa (Daphnia) tend to be found in low seston 
N : P lakes, and high N : P zooplankton (copepods) in high 
seston N : P lakes, the opposite of what would be predicted 
if zooplankton stoichiometry were driving seston N : P ratios 
(see Elser et al. 1988; Urabe et al. 1995) but consistent with 
a food-quality effect. Such differences may reflect the scale 
of the studies-our broad survey of a relatively wide range 
of lakes vs. in-depth temporal studies at a single location. 
The frequent high C : P ratios observed in the lakes of the 
Canadian shield is a dominant factor in our study and leads 
to our interpretation of strong food-quality limitation of the 
zooplankton community. Within the context of the seasonal 
dynamics of a given lake, zooplankton recycling may be 
important (e.g. Elser et al. 1988; Urabe et al. 1995; Urabe 
1993, 1995), and such recycling would be consistent,with 
our observation of the high percentage of nutrient elements, 
particularly P, incorporated in zooplankton biomass in lakes. 
Finally, based on calculated N : P recycling ratios we previ- 
ously concluded that zooplankton would tend to accentuate 
P limitation in lakes and N limitation in oceans (Elser and 

Hassett 1994). However, the potential exists for the micro- 
zooplankton grazers to exert an opposing effect in microbial 
food-web-dominated systems, tending to accentuate P limi- 
tation. Thus, elemental stoichiometry may impose important 
constraints on the functioning of food webs in different 
aquatic systems. 
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