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VARIABILITY OF LAKES ON THE LANDSCAPE: ROLES OF PHOSPHORUS, 
FOOD WEBS, AND DISSOLVED ORGANIC CARBON 
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Abstract. In northern temperate lakes, algal abundance or chlorophyll levels are af- 
fected by phosphorus loading (P), dissolved organic carbon (DOC), and food web effects 
from trophic cascades induced by anglers. To investigate how changes in land use and 
climate might affect future chlorophyll conditions in these lakes, we created a nonlinear 
model for lake chlorophyll that considers the effects of these factors. Parameters were 
estimated for northern Wisconsin lakes. We show that resilience of the clear-water state in 
a single lake is maximized when P inputs are low, DOC is high, and angler pressure is 
low. We simulated a population of lakes to understand the current distribution of chlorophyll 
and resilience across lakes in the landscape. Under current conditions of land and lake use 
in the area, the model indicates that most lakes in the region are resilient clear-water lakes. 
Low chlorophyll levels, however, do not guarantee resiliency. Resilience shows a bimodal 
distribution suggesting that, with stochastic shocks or changing conditions, more lakes 
could shift to a high chlorophyll state that is costly to remediate. We also simulated a 
limnological comparative study to determine what conclusions would be drawn from a 
common research method if lacustrine ecosystem dynamics are indeed faithfully generated 
by our model. We show that phosphorus input will most often appear to be the most 
significant driver of lake chlorophyll levels, despite the fact that all mechanisms (including 
DOC and grazing) drive the dynamics. This finding suggests that long-standing debates in 
limnology about the primary drivers of algal abundance are explainable by differences in 
research approaches. This work brings together community and ecosystem ecology and 
shows how their processes can interact to drive higher-order feedbacks. 
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INTRODUCTION 

Satellite imagery of lake districts reveals astonishing 
diversity among the apparent color of the lakes, in- 
cluding blue oligotrophic waters, green eutrophic ones, 
and brown dystrophic lakes. Many of the factors that 
affect these differences among lakes are known. The 
rate of phosphorus (P) input affects chlorophyll stand- 
ing stock, and high levels of P input drive eutrophi- 
cation (Schindler 1977). Once a lake is sufficiently en- 
riched with P, feedback mechanisms exist that recycle 
P from anoxic sediments and thereby maintain high 
chlorophyll levels (Mortimer 1941, 1942, Caraco 
1993). Dystrophy in lakes is driven by high inputs of 
tea-colored dissolved organic carbon (DOC) from the 
watershed (Rasmussen et al. 1989, Gergel et al. 1999). 
The concentration of refractory DOC can also vary 
among lakes because of differences in quantities of 
wetland area and amounts of littoral vegetation (Wetzel 
1990). The colored DOC compounds stain the water 
and may have their most significant impact on primary 
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production through shading (Jones 1992). In addition, 
colored DOC affects the vertical thermal structure of 
lakes. Lakes with high DOC tend to have shallower 
thermoclines and less volume for phytoplankton pro- 
duction than those with low DOC (Mazumder and Tay- 
lor 1994, Fee et al. 1996). Within lakes, DOC can also 
reduce primary production by binding essential nutri- 
ents such as iron and phosphorus (Jackson and Hecky. 
1980, Francko 1986). Food web dynamics also affect 
chlorophyll levels in lakes (Carpenter et al. 2001). 
Grazing by zooplankton, and corresponding chloro- 
phyll levels, are strongly related to the size structure 
of the zooplankton community (Pace 1984, Carpenter 
et al. 1991), which is in turn affected by size-structured 
interactions among and by fish (Brooks and Dodson 
1965, Mills and Schiavone 1982). The cascading ef- 
fects of size-structured interactions in the food web can 
be strongly influenced by fishing (Kitchell and Car- 
penter 1993, Post et al. 2002). 

Regulation of chlorophyll levels has been a primary 
focus of lake eutrophication studies and water quality 
management efforts worldwide. The mass of P in epi- 
limnetic chlorophyll is a function of landscape inputs 
of P, as well as within-lake recycled P from the sedi- 
ments (Soranno et al. 1997, Carpenter et al. 1998a) 
(see Plate 1). For many lakes, the rates of recycling 
are accelerated with increasing chlorophyll because 
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