
NTL MAJOR FINDINGS AND ACTIVITIES - 2008 

 

 

Here we highlight some of the most substantial scientific contributions from the previous  

year at the North Temperate Lakes (NTL) LTER.  The research summarized is diverse, 

encompassing whole-lake experiments into the control of invasive species, contributions 

to the regionalization of socioecological systems, and global initiatives in automated 

sensor networks to mention just a few.   

 

This section of our annual report is organized as follows.  First, we present seven 

research summaries - these summaries provide some depth of information about major 

findings selected to represent the variety of research at our site.  Then, we follow with a 

larger number of short research vignettes, sketching many more activities in an 

abbreviated form.  Readers who desire a more thorough accounting of our activities, 

publications, meetings, and information management should refer to our website, 

http://lter.limnology.wisc.edu.   



Phosphorus Internal Loading and Scavenging in Contrasting Lakes 
 

High concentrations of phosphorus (P) in lakes may impair water quality by promoting algal 
blooms.  Loading of P from external sources is augmented by internal loading from bottom 
sediments but the amounts vary among lakes, partly because of differences in geochemistry. In 
addition, release of P from sediments may be temporary if P is scavenged from lake water 
through sedimentation. Processes controlling internal loading and scavenging were investigated 
by comparing four contrasting lakes 
(Hoffman 2008; Hoffman et al. 
2008).   
 
The increase in water column P 
inventory between spring mixing 
and late fall stratification was used 
as a measure of net internal loading 
per m2 of hypolimnetic sediment 
surface area (Table 1). Marked 
differences in net increase of P 
inventory were observed, ranging 
from 8.7 (Mendota) to 0.46 
(Sparkling) g/m2 (Table 1).  
However, some of the P released into the lake water by internal loading was removed during fall 
turnover (Fig. 1). Differences in removal among lakes were attributed mainly to scavenging of P 
from the lake water by Fe which was also released from the anoxic sediments.  Thus, scavenging 
was low in Mendota and increased in the order Fish < Devils ≅ Sparkling as the Fe:P ratio in the 
hypolimnion increased.  This means much higher concentrations of P were carried over to the 
next spring in Mendota than in the other lakes. 

Table 1. Characteristics of the four lakes 
  Devils Sparkling Mendota Fish 
Lake Type Seepage Seepage Drainage Seepage 
1Trophic Status M-E O-M E M-E 
2Sediment Type NC NC C C 
Max/Mean Depth (m) 14/9 20/11 25/13 19/6 
Surface Area (ha) 151 64 3985 88 
3TDP, hypo, μg/L 372 70 715 125 
4TDP, mixed, μg/L 28 5 120 12 
Fe:P, deep hypolimnion 5.5 12 0.2 2 
Sulfate, mg/L 7 2 19 2 
5P inventory increase 
(net) , mmol/m2 (g/m2) 

145 
(4.5) 

15 
(0.46) 

280 
(8.7) 

40 
(1.2) 

1E = Eutrophic, M = Mesotrophic, O = Oligotrophic; 2C = Calcareous, 
 NC = Noncalcareous; 3Mean hypolimnion concentration; 4Mean 
concentration after fall mixing; 5Inventory increase at the deep hole.  

 
What caused internal loading to vary among lakes?  One factor seemed to be P saturation of 
the lake sediments.  High internal loading was associated with high total dissolved P 
concentration in the sediment pore water: Mendota > Fish (calcareous lakes); Devils > Sparkling 
(noncalcareous lakes), possibly due to differences in the amounts of reduced Fe available to 
remove P from anoxic waters by reactions such as: 
 
      +−+ +↔+ HPOFePOHFe S 4)(23 )(24342

2

 
How was P removed through scavenging by Fe?  When anoxic and oxic waters were mixed at 
fall turnover, Fe(II) was oxidized to Fe(III), for example: 
 
       OHFeHOFe 2

3
2

2 2444 +↔++ +++

 
The oxidized Fe was then removed P by adsorption to Fe hydrous oxides or by precipitation 
reactions such as: 
 
         +−+ +↔++ HPOOHFeOHPOHFe S 5)(32 )(432242

3

1



Research by others has shown that inorganic phosphate precipitation is essentially quantitative 
when the Fe:P ratio exceeds about 2.2.  Thus, scavenging was low in Mendota where Fe:P ≅ 0.2 
but high in the other lakes, especially Devils and Sparkling, where Fe:P >> 2 (Table 1; Fig. 1).  

 

Scavenging of P depends on Fe:P
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Figure 1. Scavenging of total dissolved P after fall turnover is 
dependent on the Fe:P ratio in the anoxic hypolimnion prior to fall 
turnover.  Mean concentration (%) remaining after fall turnover was 
calculated as the concentration ratio (water column after 
mixing:hypolimnion before mixing) x 100, normalized to Lake 
Mendota where scavenging of P by Fe is minimal. 

What caused scavenging by Fe to 
differ among lakes?  The Fe:P ratio 
in the hypolimnion is dependent on the 
relative amounts of Fe and P released 
from anoxic sediments.  In the 
calcareous lakes (Mendota, Fish), 
formation of Fe carbonate minerals 
seemed to provide some constraint on 
Fe release.  However, formation of Fe 
sulfide appeared to reduce Fe release 
even more. Although Fe 
concentrations in pore waters of the 
anoxic Mendota sediments were 
moderately high (40 μmol/L; 2.2 
mg/L),concentrations immediately 
above the sediment-water interface 
were very low (< 5 μmol/L or < 0.3 
mg/L). These low concentrations of Fe 
in Mendota were associated with 

considerably higher concentrations of sulfide near the sediment-water interface in Mendota (Fe:S 
<  0.2) than in the other three lakes. These conditions were apparently favorable for formation of 
FeS(S) and Fe removal in Mendota by reactions such as: 
 

    +−+ +↔+ HFeSHSFe S )(
2

 
However, low concentrations of sulfide in the other lakes limited Fe removal by sulfide, allowing 
release of Fe into the hypolimnion and subsequent scavenging of P by Fe (Fig. 1). 
 
Why were sulfide concentrations higher in Lake Mendota?  The answer seems to be sulfate 
reduction by sulfate-reducing bacterial (SRB) using sulfate as a terminal electron acceptor: 
 

       OHCOHSHOCHSO SRB
222

2
4 222 ++⎯⎯→⎯++ −+−

 
Relatively high sulfate concentrations in Mendota (Table 1) led to higher concentrations of 
sulfide through sulfate reduction.  These results imply that, indirectly, sulfate enhances the 
“permanent” internal loading of P in lakes like Lake Mendota where high sulfide concentrations 
resulting from sulfate reduction inhibit release of Fe from anoxic sediments.  
 
References 
Hoffman, A.R. 2008. Bioavailability of sediment phosphorus in geochemically contrasting aquatic 

systems.  PhD Thesis, Environmental Chemistry & Technology, University of Wisconsin-Madison.  
Hoffman, A.R., D.E. Armstrong, and R.C. Lathrop. 2008. Influence of sediment geochemistry on 

phosphorus internal loading in four Wisconsin Lakes. (In Preparation). 
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Thresholds for Eutrophication 
 
Long-term studies in the Yahara Lake District have revealed complex dynamics in the 
phosphorus cycle. Following diversion of sewage from Lake Mendota in 1971, dissolved 
phosphorus concentrations failed to decline as expected (Carpenter et al. 2007). The causes were 
increases in non-point phosphorus inputs from agricultural and urban runoff, and recycling of 
phosphorus within the lake. Recycling likely explains the high serial correlation, or “memory”, 
of annual phosphorus time series in the lake. High serial correlation is associated with threshold 
transitions in ecosystems (Carpenter and Brock 2006).  
 
Nonetheless, phosphorus concentrations have shown a capacity to respond rapidly to mitigation. 
The deep regional drought of 1987-1988, combined with a massive shift in the food web leading 
to dominance by the effective grazer Daphnia pulicaria, caused low phosphorus concentrations 
in 1988. The average phosphorus concentration seen in 1988 have been proposed as a benchmark 
for ongoing programs to reduce non-point phosphorus inputs to Lake Mendota (Lathrop 2007). 
This benchmark is a useful, data-based target for management, as long as models based on the 
history of the lake remain good predictors of the future. 
 
What are the chances that a lake may cross a threshold to persistent turbid water (or clear water) 
in the future? To address this question, we devised a method to estimate water quality thresholds 
in lakes using long-term measurements of annual phosphorus budgets and independent data on 
key processes, such as recycling rates and sedimentation rates (Carpenter and Lathrop 2008). 
Data were used in a well-studied model of lake phosphorus dynamics to compute probability 
distributions of thresholds using Markov-chain Monte Carlo simulation. 

 
Figure 2. Cumulative probability distributions for the 
eutrophy threshold (black) and oligotrophy threshold 
(gray). Note logarithmic (base 10) x-axis, units log(g 
m-2 y-1). Vertical dashed lines show the observed 
range of P input rates, or loads. 

 

Results were surprising in three main ways. 
(1) The probability that future changes in 
the lake’s phosphorus would be smooth and 
continuous, with no thresholds, was only 
3.4%. Thus future changes in the lake are 
likely to involve thresholds. (2) Probability 
distributions for thresholds were wide 
(Figure 2). It is impossible to assign a 
precise value to the thresholds. (3) 
Thresholds for oligotrophy and eutrophy 
were rather close together, indicating that 
phosphorus trends could switch direction 
over rather small ranges of phosphorus 
input. If phosphorus inputs are decreased 
below an oligotrophy threshold, then the 
lake moves toward a low-phosphorus clear-
water state. If phosphorus inputs are 
increased above a threshold for eutrophy, 
then the lake moves toward a high-
phosphorus turbid state. 
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The findings support current management efforts to decrease phosphorus inputs to Lake 
Mendota. Even though the lake has demonstrated fast improvements after past droughts, there is 
no guarantee that this resilience will continue forever. On the contrary, if phosphorus inputs 
increase then the lake could cross a eutrophy threshold, leading to a long-lasting period of poor 
water quality. On the other hand, if phosphorus inputs are decreased there is a chance for 
crossing an oligotrophy threshold to a long-lasting period of good water quality. This would be a 
windfall for managers and the public. Precise values of the thresholds cannot be determined. 
Despite the uncertainty of the threshold values, the advice to managers is clear – reduce 
phosphorus inputs to avoid the eutrophy threshold and increase the chance of crossing the 
oligotrophy threshold. 
 
For scientists, the wide probability distributions of the thresholds are sobering. It is not possible 
to precisely define the numerical values for the thresholds, even though the database for Lake 
Mendota is among the most complete in the world. Simulations show that we could measure the 
thresholds precisely if they are crossed (Carpenter 2003). Crossing the eutrophy threshold would 
be an expensive disaster. Phosphorus management may some day take the lake across the 
oligotrophy threshold, and if that occurs then NTL-LTER data will allow us to measure the 
threshold value rather precisely. 
 
Our study shows that ecosystem thresholds for eutrophication are hard to measure precisely, 
even with extensive data. Nonetheless, we show how probability distributions for ecosystem 
thresholds can be quantified accurately and inclusively. Fortunately, this analysis leads to clear 
policy advice for eutrophication mitigation. 
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the Excellence in Ecology Series, Ecology Institute, Oldendorf/Luhe, Germany. 
Carpenter, S.R. and W.A. Brock.  2006.  Rising variance:  A leading indicator of ecological 

transition.  Ecology Letters 9: 311-318. 
Carpenter, S.R. and R.C. Lathrop. 2008. Probabilistic estimate of a threshold for eutrophication. 

Ecosystems 11: 601-613. 
Carpenter, S. R., B. J. Benson, R. Biggs, J. W. Chipman, J. A. Foley, S. A. Golding, R. B. 

Hammer, P. C. Hanson, P. T. J. Johnson, A. M. Kamarainen, T. K. Kratz, R. C. Lathrop, K. 
D. McMahon, B. Provencher, J. A. Rusak, C. T. Solomon, E. H. Stanley, M. G. Turner, M. 
J. Vander Zanden, C.-H. Wu and H. Yuan (2007). Understanding regional change: a 
comparison of two lake districts. BioScience 57(4): 323-35 
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New Opportunities From High Frequency Measurements 
 
Long term, high frequency measurements of limnological variables are now available through 
the advent of the NTL-LTER automated sampling buoy network. This infrastructure opens the 
possibility of novel data intensive applications and analyses. Examples discussed here include 
(1) analysis of high frequency lake dynamics, which requires concurrent, high frequency 
measurements across large spatial and temporal scales as well as (2) automated monitoring of 
both ecological conditions and sensing equipment which requires real-time measurements. 
 

1. Many commonly measured variables contain information about several interwoven 
ecological processes. Understanding how these ecological processes interact requires 
analyses sensitive to temporal and spatial scales of the measured variables. We examined 
one such complex variable, dissolved oxygen (DO), across a range of lakes and temporal 
scales to identify biological and physical processes represented within the measurements. 
Automated sampling buoys at the NTL-LTER site provided high frequency 
measurements of DO as well as measurements of drivers, or variables that serve as 
surrogates for processes that affect DO. These time series were deconstructed into 
separate temporal scale components, allowing us to determine the scales at which drivers 
interacted with DO. In addition, each lake was considered independently allowing us to 
compare interactions across the suite of measured lakes. 

 
 Results of this analysis suggest that drivers have distinct scales at which they interact 

with DO, although the magnitude of interactions varies with respect to lake 
characteristics. For example, photosynthetically active radiation (PAR) has a well known 
daily cycle, interacting with DO via photosynthesis (Fig. 3). Observed interactions with 

DO were limited to temporal 
scales corresponding to daily 
interactions supporting this 
hypothesis. However, despite 
similar amounts of PAR 
reaching the individual lakes, 
the DO response to PAR 
varied, with mean daily 
increases in DO ranging from 
of 0.2 mg L-1 to 6.5 mg L-1. 
Similar patterns were seen in 
the other driving variables: 
specific temporal ranges at 
which interactions with DO 
occurred, but a large degree of 
variation in the magnitude of 
the interaction with DO 
(Langman, in review).  

 
Figure 3: A plot indicating the direction and magnitude of the 
correlation between PAR and DO for 20 lakes in northern 
Wisconsin. Reds indicate positive correlation, blues indicate 
negative correlation, and white indicates no significance.  In several of the lakes, 

especially small (< 10 ha) 
lakes, drivers representing 
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physical processes proved to be as important as biological drivers in their interactions 
with DO. In several of the lakes where this occurred, the daily variation was either non-
existent or attributed to temperature effects. This finding is is important for metabolism 
estimates that assume daily DO increases are a result of biological activity. 

 
2. The detection of events in real-time gives us the ability to maintain a consistent vigil on 

ecosystems as well as react to novel conditions. As a practical first attempt at detecting 
events, we attempted to detect in sensor malfunctions from real-time sensor 
measurements. This system must have a high degree of automation to overcome time 
constraints on human observers as well as ensuring a rapid detection of events. 
Automating monitoring requires a method that is capable of characterizing normal traits 
of the real time observations and subsequently recognizing deviations from past 
performance indicative of interesting events. 

We achieved this by 
implementing a modified 
version of a Bayesian 
algorithm termed 
Surprise Theory, which 
incorporates past 
measurements into an 
informative prior and 
declares 'events' to be 
conditions that deviate 
from expected behavior.  
 The system was 
evaluated by comparing 
the performance of the 
algorithm against expert 
classifications for two 
years of past sensor 

network data. Despite a large amount of pattern within the data and a large range of 
potential sensor malfunctions (Fig. 4), the algorithm was largely successful, identifying 
91.5% of the expert classified malfunctions, with a minimal number of false positives (62 
false positives over 2.5 million data points) using conservative parameters. This system is 
currently being integrated into the NTL-LTER's buoy network to decrease the number of 
sensor malfunctions that cause data loss. 

Figure 4: Algorithm performance during a DO sensor 
malfunction. The sensor malfunction was first noticed on 
October 27. 

 In summary, this research shows that high-frequency sensor data can be used to evaluate 
drivers that control ecosystem metabolism over a range of space and time scales. 
Moreover, surprise theory provides a quality control tool that seems valuable for 
integrating high frequency automated measurements into NTL’s Information 
Management system. 

 
Reference 
Langman, O.C., Hanson, P.C., Carpenter, S.R., and Hu, Y.H. In review, Control of dissolved 

oxygen in northern temperate lakes over scales ranging from minutes to days. Aquatic 
Biology. 

6



Drivers of Microbial Community Structure 
 
Bacteria control the cycling of carbon and nutrients in lakes, and yet we know little about their 
ecology. It is not currently possible to predict which species of bacteria will be present in a lake, 
or how bacterial communities will vary in response to drivers acting from outside lakes, such as 
gradual seasonal changes (temperature, weather, light) and episodic disturbances. Ongoing work 
at NTL-LTER in collaboration with the NTL Microbial Observatory has explored the assembly 
and dynamics of bacterial communities as a function of such drivers. 
 
Many microbial ecologists assume that Baas-Becking’s maxim “Everything is everywhere, but 
the environment selects” (Baas Becking 1934) holds true for bacteria (Fenchel and Finlay 2004). 
However, dispersal mechanisms for bacteria are rarely studied and almost never quantified. 
Thus, we sought to estimate immigration rates of bacteria to lakes via atmospheric deposition. 
We found that the number of bacterial cells depositing on lakes in northern Wisconsin due to a 
combination of wet and dry deposition was much lower than the increase of cells expected due to 
production or decrease due to grazing or sinking (Figure 5) (Jones and Mcmahon In revision). 
The composition of bacterial assemblages present in rain falling on a lake was distinct from that 
of the lake, with few species detected in both rain and lake water (Jones et al. 2008b). Over a 
period of eight weeks, cells deposited on the lake surface could only explain about 20% of the 
variation in the epilimnion community composition (Jones and Mcmahon In revision). Based on 
these results we propose that species sorting is a useful theoretical construct to describe why we 
detect particular bacterial species in a lake, as opposed to neutral theory, patch dynamics, or 
mass-effects. We used a community phylogenetic approach to generate further evidence for this, 
with a focused study on cosmopolitan clades of Actinobacteria (Newton et al. 2007). This has 
important implications for generating predictive models of bacterial community composition in 
lakes.  

 

 
Figure 5. Estimated magnitudes of bacterial cell loss and gain to a lake 
epilimnion. 
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Although the majority of bacteria entering lakes through rainfall do not seem to survive and 
contribute to within-lake community dynamics, we did observe dramatic changes in bacterial 
community composition in response to extreme weather events (Jones et al. 2008a). A small sub-
alpine and sub-tropical lake in northern Taiwan called Yuan Yang Lake is disturbed by typhoons 
passing over the island several times each year. The typhoons disrupt the water column thermal 
structure via intense wind and rain (Figure 6). We were surprised to discover that bacterial 
communities in the lake change following a typhoon in a repeatable and predictable way. We 
also constructed a simple mass-balance model to predict the effect of typhoons on the release of 
CO2 that accumulates due to bacterial respiration (Jones et al. In press). Our findings suggest 
that increased annual precipitation and frequency of storm events would result in elevated 
epilimnetic CO2 concentrations and therefore greater evasion of CO2 to the atmosphere. This has 
important implications for greenhouse gas budgets under climate change scenarios that include 
increasing frequency and intensity of storm events. We continue to study the influence of 
episodic disturbance events on lake bacterial communities, as a contrast to seasonal dynamics we 
have observed in our north temperate lakes (Kent et al. 2007; Shade et al. 2008; Shade et al. 
2007). 
 

 

Figure 6. Influence of typhoons on water column thermal structure and precipitation 
inputs to Yuan Yang Lake in 2005. Data were collected using an instrumented buoy 
made accessible by the Global Lake Ecological Observatory Network (GLEON, 
www.gleon.org).. 
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Aquatic Invasive Species and Shoreline Property Values  
 

The invasion of ecosystems by non-native species is widely viewed as a significant threat to 
biological diversity.  Freshwater rivers and lakes are particularly susceptible to species invasions, 
and have recently attracted the attention of regulatory agencies such as the U.S. Environmental 
Protection Agency.  Invasive species can i) alter ecological communities by competing or 
preying on native species, ii) affect market-related enterprises such as agriculture, forestry, 
fisheries, and electric power production, and iii) affect non-market resources such as recreational 
fisheries.  Despite significant advances in understanding the ecology of invasive species, the 
economic costs of invasive species are not generally understood. Most of the commonly cited 
estimates of the costs of invasive species for the United States are derived from estimates of the 
costs of managing species invasions, including the amount that must be spent to repair 
infrastructure damage.   However, such cost estimates tend to be more anecdotal and not based 
on empirical methods grounded in economic theory.     
 
The purpose of this research is to estimate a hedonic model of lakeshore property values to 
quantify the effects of a common aquatic invasive species – Eurasian watermilfoil 
(Myriophyllum spicatum, hereafter labeled milfoil) – on property values across an extensive 
system of over 170 lakes in the northern forest region of Wisconsin.  Milfoil is widely regarded 
as a major environmental problem in North American lakes and is characterized by dense stands 
that i) block sunlight and limit the ability of native plant species to grow, ii) affect fisheries by 
inhibiting the ability of larger fish to prey on smaller ones, iii) limit recreational activities such as 
swimming and boating, and iv) provide good habitat for mosquitoes. Once established, the 
presence of milfoil is quasi-irreversible, as the plant is extremely difficult to remove without 
clearing native vegetation.  The data used for estimation covers more than 1,800 lakeshore 
property transactions across 172 lakes within a single county in the northern forest region of 
Wisconsin.  The sheer variation in lakes within one land market makes this dataset particularly 
unique for hedonic analyses of water-based amenities.  Further, the dataset covers a period 
(1997-2006) that coincides with multiple lakes becoming invaded with milfoil.     
 
In addition to providing evidence on the costs of species invasions, this research provides a 
general contribution to hedonic modeling by designing a quasi-random experiment to identify the 
effects of changes in an endogenous neighborhood amenity on property values.  The 
methodology is based on a spatial difference-in-differences specification, and simultaneously 
accounts for both bias and inefficiency problems associated with spatially-correlated unobserved 
neighborhood effects.  The problem of unobserved neighborhood effects arises in the present 
application because the property values associated with multiple parcels on the same lake are 
influenced by the same unobserved lake-specific characteristics (e.g. fishing quality, scenic 
views, etc.).  In addition to well-known efficiency issues, the presence of such spatially-
correlated unobservables calls into question the exogeneity of variables aimed at measuring the 
presence and abundance of milfoil on a lake.  Many of the most problematic aquatic invasive 
species – including milfoil, zebra mussels, rainbow smelt, rusty crayfish, and spiny water flea – 
are spread from lake to lake by the movement of recreational boaters and anglers, creating a 
direct link between the spread of the invasive and the recreation decisions of boaters. Since 
boaters are more likely to visit popular lakes with desirable amenities, and since many of these 
amenities are difficult to quantify and are therefore unobservable to the analyst, the likelihood 
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that any particular lake is invaded will be correlated with the error term in a hedonic property 
value model.  Thus, conventional estimation of cross-sectional hedonic data will likely produce 
positively biased coefficient estimates on variables indicating a lake’s milfoil status.  To support 
this claim, we demonstrate that results derived from a cross-sectional hedonic analysis suggest an 
increase in property values arising from milfoil invasions.   
 
Our strategy for identifying the effects of milfoil invasions on property values is based on a 
difference-in-differences analysis specified with fixed neighborhood effects.  The difference-in-
differences analysis is based on a relatively long time-series consisting of ten years of property 
transactions that include observations on lakes before and after milfoil invasions.  The fixed 
neighborhood effects specification exploits the natural panel structure of the data, where each 
lake is defined as a natural neighborhood.  Identification of the effects of milfoil on property 
values is achieved because the fixed effects control for all observable and unobservable lake 
(neighborhood) amenities that affect property values, while the difference-in-differences 
specification exploits the natural experiment inherent in the before-and-after nature of milfoil 
invasions present in the dataset.  Results indicate that a milfoil invasion reduces average property 
values by approximately 8%, and reduces average land values net of the value of any structure 
by approximately 13%.  In dollar terms, the average decrease in property values is approximately 
$30,000 per property.  Since a time-series dataset is necessary for our identification strategy, we 
demonstrate that our results are robust to handling the temporal aspects of the data with either 
time-specific dummy variables or a simple time trend in either linear or non-linear forms. 
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Preparing for the Future: Teaching Scenario Planning at the Graduate Level 
 
Drawing on a “scenarios thinking” graduate seminar presented at the University of Wisconsin-
Madison in Spring 2007, we put together a paper soon to be published in Frontiers in Ecology 
and the Environment. The paper is built around the idea of teaching “post-normal” scientific 
approaches – approaches suited to dealing with the high-stakes, high-uncertainty decisions that 
characterize many contemporary environmental issues. We used the process by which we 
developed scenarios for Madison’s Lake Wingra, in collaboration with the Friends of Lake 
Wingra (http://lakewingra.org/), as an example of how post-normal scientific approaches might 
be taught at the graduate level.  
 
Students provided written reflections on the course, and indicated that they had found the course 
highly stimulating, thought-provoking and inspiring. Key learning points were recognizing the 
need for multiple points of view in understanding complex environmental issues, and better 
appreciating the pervasiveness of uncertainty. For instance, one student remarked: “prior to this 
seminar, I mostly thought about uncertainty as error bars around a mean. Thinking about 
scenarios made me acknowledge the existence of qualitative unpredictability." Students found 
collaborations with non-academic stakeholders particularly insightful and enjoyable, and most 
students felt they would have liked even more interaction. Most students noted that they left the 
course feeling more positive and inspired about the potential contribution they can make to 
addressing the environmental challenges society faces. 
 
Briefly, the four scenarios we developed describe the development of Madison city and the 
consequences for Lake Wingra and the ecosystem services it provides. The scenarios were built 
around four key uncertainties: 1) The level of environmental awareness and green technology at 
the national and global level, 2) The power and influence of grassroots environmental 
organizations within Madison, 3) Conflict between different user communities of Lake Wingra, 
and 4) Challenges posed by invasive species. None of the scenarios present an ideal or preferred 
outcome, highlighting the fact any development trajectory poses challenges and trade-offs. The 
following are brief synopses of each scenario: 

 
Garden State: Propelled by concern for 
the global environment, enormous 
investments are made in green technology. 
These technologies, from solar roofs to 
biofuel feedstocks grown in residential 
rain gardens, permeate Madison. Local 
environmental groups are gradually 
assimilated by powerful global 

environmental organizations. The shift of influence to larger scales affects Madison's approaches 
to local environmental issues such as Lake Wingra. By 2035, the population of Madison has 
substantially increased and the lake system has become heavily engineered, leaving the long-
term health of the lake in question. 
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Big Green Brother: Grassroots organizations 
transform government and divert funding to city-
wide environmental projects. Strong steps are 
taken to address local environmental needs, 
including restoration of Lake Wingra. However, 
over time the new institutions become more 
narrowly focused and less responsive to evolving 
needs. The trend toward top-down management of 
local resources leaves a bad taste of big 
government in resident’s mouths. This rigidity 
meets a severe challenge when a deep, persistent 
drought strikes the Madison area. By 2035, tough 
choices have to be made between mitigating the 
effects of the drought and pursuing the goals of 
the Lake Wingra watershed. 
 
 

C-Clear: Local organizations develop increasingly successful innovations for managing Lake 
Wingra. Use of the lake intensifies and the institutions representing the expanding user 

community become more diverse. However, conflict arises among the different interest groups, 
various coalitions form and political gridlock ensues. A spiraling cycle of emerging issues 

continually challenges those who wish to conserve Lake Wingra. By 2035, the ecological health 
of Lake Wingra has improved, but only a fraction of the stated goals have been met. 

 
 
 
 
 
 
 
 
 
 

 
Exotic Exchange: Success in removing an exotic invader from Lake Wingra results in progress 
toward a healthier lake, but creates an ecological vacuum and exposes unexpected conflicts 
among user groups. In 2017 a new harmful invader fills the ecological vacuum and creates a new 
suite of problems for Lake Wingra. This catalyzes  
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change and refocuses management efforts. By 2035, preventing future invasions has taken center 
stage and fish management has reoriented around the diverse interests of different user groups. 
 
 
The full report and scenario descriptions are available at 
http://limnology.wisc.edu/courses/zoo955/spring2007/index.html. 

14

http://limnology.wisc.edu/courses/zoo955/spring2007/index.html


Information Management 
 
The information management team at the North Temperate Lakes (NTL) LTER has been 
developing enhanced functionality for the NTL information management system in several areas: 
data acquisition, data access including expanded access to spatial data, and the management of 
sensor network data.  
 
NTL has a wealth of online data available through the NTL website. The existing data catalog 
interface is innovative in that its web pages are generated dynamically from metadata in the NTL 
database. The current catalog is organized by categories, which works well in "browse mode" for 
scientists who are familiar with the NTL data.  Recently we have developed a new search 
interface to enhance data discovery, especially for other user groups such as K-12 educators and 
the public. This interface allows the user to select a Project Type, Theme, Location, and Period 
of Interest as well as to add search criteria for text strings in various metadata fields such as 
dataset title, investigator or species name.  We are currently beta-testing this new search interface 
and anticipate public release this fall. 
 
NTL-LTER completed a data migration and upgrade of the spatial data server in conjunction 
with a transition to a new spatial data manager (Jeff Maxted). This process involved the purchase 
of a new Dell PowerEdge SC440 Server and the installation of Red Hat Linux, Oracle, and 
ArcSDE.  We upgraded our server-based GIS architecture by installing ArcGIS 
Server. Migrating to this application is enabling us to provide spatial data through web mapping 
services. These new web mapping services enhance our capacity to serve vector and raster data 
from our extensive spatial data catalog. This upgrade has also led to new plans for developing 
applications that will enhance a user's ability to visualize and explore our data catalog.  
 
Z3, a program originally designed for zooplankton counting and measuring, is being reworked to 
include extra features and to extend its applicability to other counting and measuring projects, 
such as those with benthic invertebrates or fish scales. A new "overlay" mode will allow Z3 to 
work with any Windows-compatible camera, including any microscope cameras that provide a 
live feed window. 
 
The management of data from high-throughput field sensors deployed on lake buoys has 
challenged us to investigate new data models and collaborate to develop new tools. We are 
currently evaluating and testing these new approaches for use in the production information 
system. The Vega data model is a flexible database architecture designed to accommodate 
additions and changes in sensor deployments without database structure changes. Tools based on 
the Vega database handle quality assurance/quality control tasks, exceptions in streaming data, 
and insertion of data into a repository.  In addition, a web-based application has been developed 
for discovery and retrieval of sensor data stored in Vega.   
 

15



Research Summaries 2007-08 
 

 
• The potential influence of measurement error and environmental heterogeneity on 

environmental controversies. This paper uses simple linear regression models to show 
how differences in measurement error or environmental heterogenity can yield 
conflicting results and potentially contribute to environmental controversies. We also 
examine the use of hierarchical linear models for pooling disparate findings, and 
providing a means for helping resolve controversies and deepen our understanding of 
ecosystem dynamics. The paper is under review at BioScience. 

 
• Teaching scenario planning at the graduate level, using the example of the scenario 

planning seminar conducted in Spring 2007 in which scenarios were developed for Lake 
Wingra. The paper is co-authored by all except one of the students in the class and the 
instructor, Steve Carpenter, and focuses on the learning reflections of the students and the 
provision of ideas and suggestions for how such seminars may be conducted at other 
universities. The paper is under review at Frontiers in Ecology and the Environment. 

 
• Exploring the potential use of regime shift indicators to avoid ecological regime shifts. 

This paper uses the fisheries food web model developed by Carpenter and Brock (2004) 
and Carpenter et al (2008) to explore whether early warning indicators of regime shifts 
(rising variance, changes in skewness, increasing AR1 coefficients) provide sufficient 
warnign to adapt management and avoid regime shifts. The findings suggest that where 
fast, drastic management action can be taken (e.g. banning fishing) it may be sufficient to 
avoid a regime shift. However, where management action can only be taken more 
gradually (eg restoring degraded shoreline habitat) the indicators may not provide 
sufficient warning to implement changes in management. The manuscript is under 
preparation. 

 
• The role of social innovation in transforming ecosystem management. This paper 

investigates local/regional scale transformations in ecosystem management from sectoral, 
expert-centered approaches to more collaborative, integrated approaches. Specficially, we 
investigate the factors that allow new ideas/approaches to ecosystem management to be 
formed (bricolage) and adopted (contagion) based on innovation theory. The 
investigations are based on three case studies: 1) Lake Mendata, and the formation of the 
Lakes and Watershed Commission, 2) Sabie River in South Africa, and the formation of 
the Sabie River Working Group, and 3) the Kristianstad Wetlands in Sweden, and the 
formation of the EcoMuseum. 

 
• Residential development along lakeshores is correlated with a decrease in the amount of 

coarse woody habitat (CWH) available for fishes in the littoral zones of lakes in 
Wisconsin’s Northern Highland Lake District.  While CWH is known to negatively 
correlate with planktivore growth rates, the effect of CWH on piscivore growth is 
unclear. A modeling approach is being used to determine the effect of CWH on piscivore 
growth relative to other environmental variables in cross-lakes context spanning fifteen 
lakes in Northern Wisconsin.   We are also in our eighth season of monitoring a CWH 
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removal on Little Rock Lake.  In addition to growth, this long-term whole-lake 
manipulation is investigating piscivore foraging behavior and body condition. (Gaeta, 
Carpenter) 

 
• Distribution of biogeochemical variables in lakes and streams provide insights into 

processes that influence regional aquatic biogeochemistry.  
The goal of this research is to understand how the regional biogeochemistry of lakes and 
streams differ and how these differences can provide insight into the processes that 
influence regional aquatic biogeochemistry.  We used two LTER datasets to compare the 
distributions of several chemical variables for lakes and streams in the Northern 
Highlands Lake District, and found distinct patterns for the two ecosystem types for the 
majority of variables.  This analysis suggests that regional distribution of chemical 
constituents such as cations or nutrients are more strongly influenced by precipitation for 
lakes, and landscape connections for streams. 

 
• In a changing climate do variability and the frequency of extreme events increase? Using 

long-term ice phenology data, we examined trends in the variability of lake ice breakup 
dates and the temporal changes in the pattern of extreme events (e.g. late and early thaws 
given as 50 or 25 year events).  Variability increases only for some lakes. The changes in 
variance over time for individual lakes are not unidirectional but depend on what time 
period is being examined. Regional differences exist. On average, variance increases in a 
100 year data set for north central North America (NA) and decreases for northeastern 
NA and Europe. North central NA shows an increase in the relative odds of 50-year and 
25-year early ice breakup extremes. Northeastern NA (25-year) and Europe (25 year and 
50 year) show a decrease in the relative odds of late ice breakup extremes. 

 
• We continue to study the community and population ecology of bacteria in lakes. We are 

particularly interested in the relationship between bacterial community composition and 
dynamics across lakes of varying mixing regimes, as a test of the intermediate 
disturbance hypothesis. We surveyed eight bog lakes during 2007 and 2008 with twice 
weekly sampling during the ice-free season to compare community composition and 
dynamics in both the epilimnion and hypolimnion of strongly stratified water columns. 
During summer 2008 we undertook a whole-lake manipulation of North Sparkling Bog to 
mix the water column, to test predictions about how bacterial communities would 
respond. We also conducted an intensive spatial survey of bacterial community 
composition in Lake Mendota and Crystal Bog Lake to determine the extent of variation 
in space as compared to variation in time (McMahon, Kratz, Rusak, Wu, Stanley). 

 
• Inland waters are sentinels and integrators of the impact of humans on terrestrial and 

aquatic ecosystems. Lakes and streams transport and alter nutrients, contaminants, and 
energy and store signals of environmental change from local to continental scales over 
periods ranging from weeks to millennia.  NTL participated in a paper describing how a 
carefully conceived and well-integrated network that includes monitoring and 
experimental approaches to terrestrial-aquatic connectivity could be used to understand 
basic ecosystem level processes and to forecast and mitigate future environmental 
impacts at the continental scale (Williamson et al. 2008).  
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• We investigated how community composition of larval odonates varies with littoral and 

riparian habitat structure among and within lakes.  Density of the most abundant larval 
family, Gomphidae, was positively related to riparian tall wetland plants, whereas species 
richness was positively correlated with abundance of littoral macrophytes. We also 
experimentally tested whether presence of tall riparian vegetation influences use of 
riparian sites by adult dragonflies.  Adult damselfly abundance was higher where we 
placed potted wetland plants than at manicured lawns without tall vegetation. Our results 
indicate that odonate larvae can be influenced by vegetation structure in both aquatic and 
riparian habitats and demonstrate how animals with complex life histories link aquatic 
and terrestrial communities. 

 
• Debates about environmental management frequently polarize around “one-size-fits-all” 

alternatives, or panaceas. Although reviews of the empirical literature by Ostrom and 
others support the existence of this pattern, reasons for belief in panaceas remain a 
puzzle. We studied panacea formation in the framework of adaptive learning and decision 
for social-ecological systems (SESs), using a complex simulation model of fisheries 
management in the Northern Highland Lake District (Brock and Carpenter 2007). 
Institutions for managing such systems must address multiple time scales of ecological 
change, as well as features of the social community in which the ecosystem policy 
problem is embedded. A fundamental challenge is to design institutions that are not 
vulnerable to capture by subsets of the community that self-organize to direct the 
institution against the overall social interest. We show how adaptive management is 
prone to panacea traps: lock-ins to a single institution and overly-narrow set of models 
for how the ecosystem functions. Policy diversification, leading to escape from panacea 
traps, can come from monitoring indicators of episodic change, minimax regret decision 
making, active experimentation to accelerate model identification, mechanisms for 
broadening the set of models or institutions under consideration, and processes for 
discovery of new institutions and technologies for ecosystem management. We suggest 
that the discipline that comes with the attempt to model the coupled social-ecological 
dynamics forces policy makers to confront all conceivable responses. This process helps 
induce the modesty needed to avoid panacea traps, while at the same time supporting 
systematic effort to improve resource management in the public interest. 
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