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Abstract.—The amounts of solar energy and materials are two of the chief factors determining
ecosystem structure and process. Here, we examine the relative balance of light and phosphorus
in a set of freshwater pelagic ecosystems. We calculated a ratio of light: phosphorus by putting
mixed-layer mean light in the numerator and total P concentration in the denominator. This light:
phosphorus ratio was a good predictor of the C:P ratio of particulate matter (seston), with a posi-
tive correlation demonstrated between these two ratios. We argue that the balance between light
and nutrients controls ‘‘nutrient use efficiency’’ at the base of the food web in lakes. Thus, when
light energy is high relative to nutrient availability, the base of the food web is carbon rich and
phosphorus poor. In the opposite case, where light is relatively less available compared to nutri-
ents, the base of the food web is relatively P rich. The significance of this relationship lies in the
fact that the composition of sestonic material is known to influence a large number of ecosystem
processes such as secondary production, nutrient cycling, and (we hypothesize) the relative
strength of microbial versus grazing processes. Using the central result of increased C:P ratio
with an increased light: phosphorus ratio, we make specific predictions of how ecosystem struc-
ture and process should vary with light and nutrient balance. Among these predictions. we sug-
gest that lake ecosystems with low light: phosphorus ratios should have several trophic levels si-
multaneously carbon or energy limited, while ecosystems with high light: phosphorus ratios
should have several trophic levels simultaneously limited by phosphorus. Our results provide an
alternative perspective to the question of what determines nutrient use efficiency in ecosystems.

The concentration of potentially limiting nutrients within the biomass at the
base of the food web is a vital parameter regulating ecosystem process and pat-
tern. The term nutrient use efficiency (NUE) refers to the amount of production
or biomass (in carbon units) relative to the amount of nutrients present in the
plant tissue (Vitousek 1982; Berendse and Aerts 1987; Bridgham et al. 1995). A
high NUE, characterized by high tissue C:nutrient ratios, can result from high
rates of C production per unit nutrient assimilated (Birk and Vitousek 1986).
Positive feedbacks in ecosystem-level parameters such as rates of production or
rates of mineralization due to NUE have been described (Pastor et al. 1984;
Hobbie 1992); these feedbacks in turn contribute to plant competitive dynamics
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(Wedin and Tilman 1990). High C:nutrient ratios in plant tissues are also
known to reduce herbivory (Mattson and Scriber 1987).

In lakes and oceans, the seston (suspended particulate matter) is composed of
allochthonous and autochthonous material, including living algae, bacteria, and
protozoa, as well as abiotic or dead material. This seston forms the resource
base of primary consumers. Feedbacks strikingly parallel to those described
above for terrestrial ecosystems have been identified in lakes. For example, the
nutrient content at the base of the food web is highly variable (Hecky 1993;
Elser and Hassett 1994) and regulates nutrient recycling (Sarnelle 1992; Urabe
1993), which in turn determines which nutrient(s) will limit the growth of auto-
trophs (Sterner et al. 1992). In addition, herbivore production is tied to the nutri-
ent content of the herbivores’ resources (Sterner et al. 1993). Thus, ecosystem
process and pattern in both terrestrial and aquatic environments are influenced
in very similar ways by biomass nutrient content.

In this article, we consider the question of what determines NUE in lakes.
Empirical evidence from terrestrial systems suggests that NUE increases (i.e.,
C:nutrient ratios are higher) as nutrient availability decreases (Vitousek 1982;
Bridgham et al. 1995). However, such an explanation by itself seems to beg the
question of why NUE decreases at high nutrient availability. A high growth ef-
ficiency would be useful throughout a productivity gradient and without any
wrade-offs would be favored at all nutrient availabilities.

In considering the regulation of NUE, we recognize the fact that autotrophs
must respond to multiple ‘‘stresses’’ (sensu Chapin et al. 1987) and that we need
to understand how autotrophs integrate widely varying availabilities of poten-
tially growth-limiting resources. We take the approach of exploring in detail
how the ‘‘balance’” of two major factors, solar energy and nutrients, influences
NUE. Every living thing has simultaneous requirements for energy and various
forms of matter. However, the ratio of availability of energy and matter may not
match the organisms’ requirements. Thus, the key question becomes, How do
autotrophs integrate potentially imbalanced availability of light and essential
nutrients? Our answer to this question will focus on light and the elements C
and P.

In this article we will document the association between energy : nutrient bal-
ance and seston elemental composition in a broad range of lakes and hypothe-
size relationships to ecosystem structure and processes. We will demonstrate
that the chemical composition of the base of the food web changes in a system-
atic manner with the energy :nutrient balance. Specifically, we will demonstrate
a correlation between the C:P ratio of suspended particulate matter (seston) and
the light: phosphorus ratio within the epilimnion. This correlation is due to both
the influence of light and the influence of nutrients. Therefore, we argue, the rel-
ative balance in solar energy and nutrient availability potentially has great im-
portance to ecosystem functioning.

LAKE SURVEYS

Part of the data analyzed here comes from the Northern Ontario Lake Size
Series (NOLSS) project (Fee et al. 1989; Fee and Hecky 1992). The Red Lake
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district of northwestern Ontario (519N, 94°W) contains thousands of lakes of
varying sizes and is sufficiently remote so that most anthropogenic influences
are small (most of the region is accessible only by air and a large part of it is
located in Woodland Caribou Wilderness Provincial Park). This region is under-
lain by Precambrian shield bedrock and experiences a severe temperate climate.
In the first phase of the NOLSS surveys, >100 lakes ranging in size from 1 to
34,700 ha were sampled once via float plane or helicopter for temperature pro-
files, Secchi disk visibility, Secchi disk color, volume of plankton captured by
zooplankton net, and many water chemistry parameters. Sampling was concen-
trated into two periods: July 15-18, 1985, when 77 lakes (mean A, = 653 ha;
see table 1 for definition of symbols) were sampled, and August 15-20, 1985,
when 29 small (mean A, = 33 ha) and eight very large (mean A, = 9,850 ha)
lakes were added to the data set. A tube sampler was used to get an integrated
sample of the mixed layer. The phase 1 NOLSS data provide a snapshot of a
large number of lakes, but these data have a large amount of unresolved varia-
tion as a result of the limited sampling of individual lakes.

In the second phase of NOLSS, six of the original large number of lakes,
ranging in surface area from 88 to 34,700 ha in a logarithmic series, were exam-
ined more extensively. These six lakes were chosen out of the original sample
because they were the most similar in shape and water retention time for their
respective surface areas in the larger survey. In 1986—1991, these six lakes were
sampled at 3-wk intervals from mid-May through mid-October for the same pa-
rameters as above and, in addition, light profiles, phytoplankton, protozoa, pico-
phytoplankton, bacteria, and alkaline phosphatase activity were measured
(Guildford et al. 1994). In the analysis reported here, the data from the six
NOLSS lakes have been supplemented with data from seven small lakes (<50
ha) at the Experimental Lakes Area (ELA), Ontario, a region within 150 km of
the Red Lake district and with correspondingly similar climate and geology (see
Elser and Hassett 1994 for site selection and data acquisition at ELA). Addi-
tional data were included from two very large lakes, Lake Nipigon and Lake Su-
perior, located in the same general region (see Guildford et al. 1994 for data col-
lection on these two lakes). For ELLA lakes and Lakes Nipigon and Superior,
actual sample dates were not all identical, but data represent means from three
to six observations per year over 2—10 yr. Thus, this second data set of 15 lakes
has much more precise information on individual lakes. It also provides a data
set with lakes ranging over many orders of magnitude in size, while still holding
geographic location approximately constant.

Photosynthesis is a function of many environmental parameters, but among
these one of the most important is light, which has a complex distribution vary-
ing in intensity and spectral distribution with depth, direction, and time. How-
ever, one can simplify this complex light field by calculating the mean of photo-
synthetically active radiation (PAR) integrated from the lake surface to the depth
of active mixing. Mean light in the mixed layer (/,,) is determined by three fac-
tors: surface light, which is a function of date, latitude, climate, and time of day;
transparency; and mixing depth. Mixing depth (z,,) can be defined as the depth
of maximal temperature gradient in a thermally stratified water column. Actual
light within a water column can be highly variable with cloud cover, time of
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TABLE 1

ABBREVIATIONS AND DIMENSIONS FOR PARAMETERS USED

Abbreviation Parameter Dimensions

Ag Surface area ha

Zm Mixing depth m

K Extinction coefficient m™!

Temp Surface temperature °C

I, Mean light in the mixed layer Dimensionless fraction of light
at depth zero

Alk Alkalinity ueq/L

Cond Conductivity uS/cm

TP Total phosphorus wmol/L

TDP Total dissolved phosphorus umol/L

DIC Dissolved inorganic carbon wmol/L

DOC Dissolved organic carbon umol/L

chl a Chlorophyll a ug/L

Fe Dissolved iron umol/L

day, and so on. However, for lakes in the same region, a dimensionless estimate
of integrated light within a water column as a fraction of surface light avoids
such problems and allows for direct comparison of the differences in light avail-
ability from lake to lake, all of which have nearly identical surface light. Our
variable /,, is thus the mean light expressed as a fraction of surface light (table
1), calculated using the formula

1 — e —Kzy

Kz,

(Riley 1957). In phase 1 of NOLSS, light profiles were not measured; thus, we
estimated extinction coefficients (K) using Secchi disk transparency (z,) with
the relationship, K= 1.54/zy (Sterner 1990a). In the lakes in the smaller data
set, light profiles were measured photometrically, allowing for direct determina-
tion of K for these lakes by regression of the natural log of light versus depth.
Mean light again was calculated by the equation above.

Phosphorus supply to algae in the mixed layer of lakes comes from both al-
lochthonous and autochthonous sources. Ideally, we would have measurements
of total P flux into the dissolved pool for a wide variety of lakes. However, such
data are not available. The most readily available measurement of phosphorus
availability is TP, or the total concentration of P, including both particulate (ses-
ton P) and dissolved (TDP) forms. It seems reasonable to assume that P flux to
the dissolved pool (P supply) is positively correlated to TP, so in the absence of
direct measurements of P flux, we use TP as a surrogate. Unfortunately, using
this putative surrogate introduces potential statistical complications. Since TP =
seston P + TDP, correlations involving both TP and seston P are potentially au-
tocorrelated. For TP and seston P, » = 0.95 for NOLSS 1, and » = 0.86 for
NOLSS 2 plus ELA plus Great Lakes (mihus Lake 227, see below). Seston P
on average was 45% of total P in the NOLSS 1 data and 58% in the smaller data

I =

m



