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This section of our annual report is organized as follows. First, we present six 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 large number of short 

vignettes, sketching many more research 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. 
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A decade of seasonal dynamics and co-occurrences within freshwater bacterioplankton 

communities from Lake Mendota, WI, USA 

As the size and extent of biological data sets grow, scientists turn to new quantitative techniques, 

such as network analysis, to understand biological complexity over large scales. For network 

analysis of microbial datasets, topological ‘co-occurrence’ networks are generated from 

correlative metrics, in which nodes represent observed variables and significant correlations are 

represented by the edges connecting them. We used an unprecedented decade-long time series of 

freshwater bacterioplankton molecular community fingerprints to test the following hypotheses: 

(1) community co-occurrence networks from this sample set are non-random, (2) seasonality 

explains the organization and complexity of co-occurrence networks, and (3) community 

richness and diversity correlate to co-occurrence network complexity. 

Surface water samples were collected from Lake Mendota, Wisconsin, USA, and analyzed by 

automated ribosomal intergenic spacer analysis as described previously (Shade et al., 2007). 

From 2000 to 2009, a total of 34 spring, 53 summer, and 34 autumn observations were made. 

Thirty-two environmental variables were collected at the same location and we then quantified 

the richness and diversity of the underlying communities, as well as the properties of spring, 

summer, and autumn bacterioplankton community and biogeochemical co-occurrence networks. 

Using local similarity analysis, topological co-occurrence networks were generated from 

correlations with significant (R>0.3) local similarity scores (Ruan et al., 2006). Network 

comparisons were made using characteristic path length (D), and clustering coefficient (CL; 

Kuchaiev et al., 2011).  

From spring to autumn, network complexity decreased, as indicated by decreasing CL and 

increasing D (Fig. 1a). The underlying communities’ richness and diversity increased (Fig. 1a) 

and were significantly different. Our results indicate (1) non-random bacterioplankton co-

occurrence networks and (2) an inverse relationship between network complexity and diversity 

and richness of the underlying communities for this system. Springtime conditions were 

favorable to fewer taxa (lower richness), but resulted in overall more co-occurrences between 

taxa, especially between the most abundant taxa. Barberán et al. (2011) hypothesized that soil 

microbial co-occurrence network complexity was inversely related to habitat heterogeneity 

across broad spatial scales. In contrast, we found that network complexity was not related to 

heterogeneity of community habitat, as estimated by the variance of 32 physical, chemical, and 

biological variables across seasons, or to the complexity of co-occurrence networks of 

environmental variables for each season. 

Correlations (edges) between temperature, day length, and dissolved oxygen and bacterial taxa 

were more frequent than those between taxa and other variables. Increases in bacterioplankton 

community diversity and richness over the open water season may be due to changes in day 

length, and concomitant trends in water temperature and primary productivity, which lags 

insolation by ~ 7 weeks in this system (Brock, 1985). Diversity and latitude are negatively 

related in marine bacterial communities (Fuhrman et al., 2008; Pommier et al., 2007) and 

putative causes of the relationship are (1) higher productivity at lower absolute latitudes 

accommodates greater diversity and (2) temperature controls biological process rates, including 

speciation. We hypothesize that in temperate regions, annual cycles in temperature and 

productivity control diversity of aquatic microbial communities through time, much like latitude 

controls diversity globally. 



 

 

 

Figure 1. Co-occurrence network visualization (a) and properties (b) for a ten-year time series of bacterioplankton 

communities in Lake Mendota, WI, USA. From spring to autumn, diversity (E) and richness (S) increased while 

network complexity decreased. The number of total observations (n) for each season is indicated in parentheses 

below networks. Nodes are labeled with operational taxonomic unit (OTU) fragment length or environmental 

variable name. For OTUs, node area is proportional to average relative abundance for the season indicated. 

Diamonds indicate all environmental variable nodes. Network complexity decreased across seasons while richness 

and diversity increased, and trends in all network properties, diversity and richness were robust to normalizing for 

the number of observations made (b).  

  

  



Relationships between boaters and lakes: Longitudinal survey data in the NHLD 

Much of the recreational activity in the NHLD centers around boating on many of the 7500+ 

lakes in the region. NTL-LTER is now collecting longitudinal data on the relationship between 

this important user group and the lakes of the NTL-LTER. In the 2011 season, we intercepted 

1700 boaters at 136 lakes in Vilas and Oneida counties, ultimately receiving logbooks 

documenting over 5900 trips taken by 834 participants. In addition to sociodemographic 

information and evaluations of boating activities undertaken during the 2011 season, the survey 

addressed aspects of recreation specialization, sense of place, attitudes towards aquatic 

stewardship, the relative importance of 16 issues affecting freshwater systems in the NHLD.  

Intercepted boaters were on average identified as middle-aged (mean age 51 years (s.d. = 11 

years) males (80%) with a median income of $65,000-$80,000. While the sample was 

approximately evenly split between those whose highest level of education resulted in a high 

school diploma or associate degree (54%) and those with a bachelor’s or graduate degree (46%). 

Approximately half of all boaters intercepted at landings indicated their boating activities were 

related to recreational fishing. 

The survey also employed an innovative maximum difference conjoint approach (Flynn et al., 

2007) to assess boaters’ perception of the relative importance of several issues related to lakes in 

the region. Latent-class analysis (referred to as finite mixture modeling by natural scientists) of 

these data was used to address heterogeneity in the level of concern for these issues among 

boaters, by identifying subgroups of respondents whose concerns most differ (Swait, 1994). The 

result of this analysis is an interval-scaled ranking of the importance placed on each of 16 issues 

concerning lake ecology and use (Fig. 2). 

Overall, issues related to water 

pollution appeared consistently to be 

of very high concern, particularly of 

pollutants identified by the Wisconsin 

Department of Natural Resources in 

fish consumption advisories. 

Ecological issues of importance 

included loss of natural habitat and 

invasion by aquatic invasive species. 

As expected, public perceptions of 

issues pertaining to lakes are heavily 

mediated by their interactions with the 

lake environment. While anglers were 

most concerned about fishing quality, 

sightseers were concerned about 

lakeshore development and loss of natural habitat; however, the role of information provided 

through outreach campaigns related to fish consumption and aquatic invasive species may also 

be influential. These results provide a gauge to measure the extent that public perceptions reflect 

actual changes in ecological states and processes identified by LTER scientists, and may guide 

future outreach campaigns related to managing issues that are dependent on public awareness 

and support. 

Figure 2. Importance of sixteen issues concerning lakes to 

boaters in the NHLD 

 



Long-term Phosphorus Dynamics in the Yahara River Lake Chain 

The four Yahara River chain of lakes – Mendota, Monona, Waubesa, and Kegonsa (Fig. 3, Table 

1) – have experienced undesirable blue-green algal blooms fueled by excessive phosphorus (P) 

inputs for years.  Analyzing over 30 years of highly variable P loading and in-lake data (Fig. 4), 

NTL-LTER scientists developed P load reduction targets needed for improving water quality in 

the lakes.  These reduction targets were based on lower P loads measured during a 2-year 

drought when water quality in all four lakes was substantially better. 

An important part of NTL’s work was quantifying the load reductions that would occur to the 

downstream Yahara lakes from instituting management practices in upstream lake drainage 

basins.  Because the downstream lakes are shallower and have much shorter water residence 

times than Mendota (especially Waubesa and Kegonsa), the upstream lake outlet’s river load is 

the principal source of P to each downstream lake (Table 1).  Thus, decreases in P inputs to a 

Figure 3. Yahara River Lake chain and 

contributing watersheds for each lake.  

Shading represents dominant 

landcover/land-use. 

 
Figure 4. Long-term phosphorus trends in Yahara River 

Lake Chain. 

Table 1. Physical characteristics and phosphorus budgets of study lakes. 

 Mendota Monona Waubesa Kegonsa 

Direct drainage area (km
2
) 564 105 113 141 

Lake area (km
2
) 40.0 13.3 8.4 13.0 

Maximum depth (m) 25.3 22.6 11.3 9.8 

Mean depth (m) 12.7 8.3 4.7 5.1 

Water residence time (yr) 4.4 0.79 0.23 0.33 

Percent upstream lake outlet P load to lake 

relative to all surface water inputs 

N/A 60% 83% 76% 

Proportion of P input load that leaves the 

lake outlet 

0.265 0.586 0.935 0.779 

 

 



lake would translate to lower P concentrations in the lake’s surface waters and then less P 

leaving the lake’s outlet. 

These analyses by NTL scientists are the cornerstone to a new lake clean-up effort forged as a 

public-private partnership to install agricultural and urban best management practices necessary 

to achieve the P load reductions needed.  Much of the pollution reduction practices will be 

installed in Mendota’s drainage basin because of its much greater land area (with its 60% 

agricultural land use) than the direct drainage basins of the other three Yahara lakes combined 

(Table 1), although management practices also need to be put in place in the drainage basins of 

the lower lakes to achieve their target P load reductions. NTL-LTER will continue to track the 

water quality responses in all four Yahara lakes as a way of measuring the project’s success. 

 

Management of Aquatic Invasives: Rusty Crayfish Removal in Sparkling Lake 

Invasive species are a leading driver of biodiversity loss in aquatic systems.  Removing 

established invasive species may restore native communities and ecosystem function, and also 

reveal unexpected  indirect connections between invasive species and other community 

members.  In an attempt to restore the native littoral food web, we removed ~95,000 invasive 

rusty crayfish (Orconectes rusticus) from Sparkling Lake from 2001-2008 via trapping, and 

changed fishing regulations to increase predation of crayfish by littoral fishes.   

Rusty crayfish catch per unit effort declined by two orders of magnitude.  No compensatory 

response in rusty crayfish recruitment was observed, and the population remained low for three 

years following the cessation of removal efforts (Fig. 5). Following the reduction of rusty 

crayfish, native virile crayfish (O. virilis) abundance increased by two orders of magnitude (Fig. 

Figure 5. Log of catch per unit effort for invasive 

rusty (filled circles) and native virile (open triangles) 

crayfish in Sparkling Lake from 2001-2011. Removal 

trapping of rusty crayfish occurred from 2001 to 2008 

(dashed lines). 

Figure 6. Lepomis spp. catch per unit effort from 

1981-2011. Removal trapping of invasive rusty 

crayfish occurred from 2001-2008 (dashed lines). 



5). Native sunfishes (Lepomis spp.; Fig. 6), aquatic macrophytes, and snails also increased in 

abundance, consistent with the goal of restoring the native littoral food web.  

Contrary to expectation, some benthic macroinvertebrate taxa declined or showed no significant 

change in abundance following the crayfish removal, and the directional change for many 

invertebrate groups differed in cobble and macrophyte habitats. Bioenergetics modeling showed 

that consumption of the majority of invertebrate orders by littoral fishes (sunfishes, smallmouth 

bass [Micropterus dolomieu], and rock bass [Ambloplites rupestris]) increased, providing a 

possible explanation for the decline of some invertebrate taxa. However, some invertebrate 

groups increased in abundance despite increased predation pressure by littoral fishes, indicating 

that the effects of crayfish predation and increased macrophyte habitat may outweigh the effects 

of increased fish consumption in determining the abundance of some macroinvertebrate groups 

(Fig. 7).  

Overall, the manipulation revealed the myriad ways in which rusty crayfish interact with invaded 

food webs via both direct and indirect effects. This study highlights the importance of indirect 

effects in determining the ecosystem impacts of invasive species, and demonstrates that reversal 

of the negative effects of invasive species is possible over relatively short timescales. 

 

Figure 7. Change in consumption of invertebrates by all littoral fishes (calculated from Bioenergetics modeling) vs. 

change in density of invertebrates from years of high crayfish abundance to years of low crayfish abundance.  

Changes are represented as the ratio of pre-removal values to post-removal values on natural log scale; thus 

positive values indicate an increase and negative values indicate a decrease in later (low crayfish abundance) years. 

A. Conceptual diagram of quadrats consistent with hypotheses of top-down control (predator consumption 

controlling prey abundance) and donor control (prey abundance not influenced by predator consumption).  B&C. 

Calculated values for cobble (B) and macrophyte (C) habitats. Consumption changes were calculated on whole-lake 

basis and therefore values are identical in both habitats. Crayfish (Cray) density change was calculated from 

density surveys in cobble only. Other abbreviations for invertebrate taxa are Amp (Amphipoda), Biv (Bivalvia), 

Col(Coleoptera), Dip (Diptera), Eph (Ephemeroptera), Gas (Gastropoda), Iso (Isopoda), Meg (Megaloptera), Odo 

(Odonata), and Tri (Trichoptera).   

 



Changes in Fire-Drought Relationships With Land Use change in the Northern Highlands 

Lake District 

Fire is a complex phenomenon that responds to climate and vegetation and may become more 

difficult to manage in the context of global climate and land use change (Bowman et al., 2009).  

Understanding dynamics of fire over extended periods of time that incorporate climate variability 

and forest change could help inform management of forests in the 21
st
 century (Whitlock et al., 

2008). Our study focused on fire-drought interactions in a small landscape of northern Wisconsin 

over a 200-year period characterized by dramatic shifts in human settlement and forest use and 

management.   

We generated high-resolution (2-5 yrs sample
-1

) macroscopic (125 m) sediment charcoal 

records from five lakes in a 100 km
2
 study area within the Northern Highlands Lake District, WI.  

We separated charcoal records into peak and noise components (Clark, 1988) and applied a 

locally-moving threshold over a background window of 75 years to identify peaks in charcoal 

accumulation rates significantly above background levels (Higuera et al., 2009, Kelly et al., 

2011).  Mean annual Palmer Drought Severity Index (PDSI) values for north-central Wisconsin 

from the Wisconsin State Climatology Office and the North American Drought Atlas (Palmer, 

1965, Cook et al., 1999) were used to define drought years (mean annual PDSI < -0.5).  We used 

bivariate and multivariate K-function analyses (Ripley, 1977) modified for one dimension (i.e., 

time; Doss, 1989; Gavin et al., 2006) to examine synchronicity between fire and drought records 

and to compare fire activity between five lakes over three different periods:  Pre-Clearcut: 1810-

1889 C.E., Clearcut and Land Clearance: 1890-1929 C.E., and Forestry and Fire Suppression: 

1930-2005 C.E.. K-functions were transformed to L-functions to facilitate plotting. 

 

Figure 8. (top) The total record of fire episodes (black triangles) indicated by sediment charcoal records from five 

lakes in northern Wisconsin shown with Palmer Drought Severity Index (PDSI, grey bars) for north-central 

Wisconsin. (bottom) Bivariate L-function analyses comparing synchrony of fire episode years (of all five records in 

the study area) and years of drought (years of PDSI  -0.5) over three different time periods.  Significant synchrony  

 t (years) is indicated when the black line rises above the upper confidence interval (95
th

 % dark grey lines) and 

marked by an asterisk, independence when the black line is between confidence intervals, and asynchrony when the 

black line falls below the lower confidence interval.  

* 



Over the Pre-Clearcut period (1810-1889 C.E.), the record of fire episodes within the study area 

(including episodes from all five lakes) was significantly synchronous ( 3 years) with years of 

drought and a fire episode occurred somewhere within the study area on average every 6.5 years 

(range, 1-19 years) (Fig. 8).  Over the Clearcut and Land Clearance period (1890-1929 C.E.), the 

compiled record of fire episodes from all five sites showed independence from drought (Fig. 8).  

Fire episodes occurred at three or more different lake sites within short intervals between ca. 

1890-1894 C.E. and ca. 1914-1916 C.E. (Fig. 8) and, when comparing records between lakes, 

fire episodes were significantly synchronous (± 3 years) between sites (Fig. 9).  Over the 

Forestry and Fire Suppression period (1930-2005 C.E.), the combined record of fire episodes is 

independent from drought within a lag of 4 or less years, although the two series show attraction 

and fire episode years between ca. 1934-1936, ca. 1976, and ca. 1989, coincide with severe to 

extreme drought years (Fig. 8).   

Our sediment charcoal records agree with prior tree-based fire histories (e.g., Heinselman, 1973) 

suggesting that fire was an important and common disturbance in mixed hardwood conifer 

forests prior to Euro-American settlement.  Fire-drought synchronicity has been interrupted over 

time and dampened by fire control efforts; however, the landscape remains fire-prone during 

years of severe to extreme drought. 

 

Figure 9.  Fire episodes plotted alongside their corresponding lake record and its charcoal source area (500-m 

buffer encircling the lake) over 19-year intervals.  (bottom) Multivariate L-function analyses showing significant 

synchrony (marked by an asterisk) or independence of fire episodes occurring at five different sites over the three 

time periods.   

 

Spatial and Temporal Variability of Algal Blooms in a Eutrophic Lake 

Harmful algal blooms are a globally pervasive problem, and with a changing climate are 

expected to be an increasing concern (Paerl and Paul, 2011). Because of this rising concern, 

scientific understanding is becoming ever more important to improve prediction and inform 

 * 



management decisions. Spatio-temporal dynamics of algal blooms remain poorly understood, 

largely due to multiple drivers, sampling limitations, and spatial variability itself (Havens, 2008; 

Soranno, 1997). Observations of near shore blooms or scums can differ widely from pelagic 

areas of a lake, where most sampling occurs. With the advent of new rapid sampling 

technologies, sampling regimes can be augmented with rapid fluorescence sampling of algal 

pigments (chlorophyll and phycocyanin) that can substantially improve spatial and temporal 

sampling scopes.  

To understand the variability of the fluorescence in Lake Mendota, we sampled a transect 

covering near shore, bay, and pelagic areas for 20 weeks during the open water system using a 

sonde to measure algal fluorescence. Transect results indicated seasonal differences in near 

shore, pelagic, and bay areas that should be considered in future sampling efforts (Fig. 10). Near 

shore observations were frequently outliers from the remaining pelagic sampling locations. 

Additionally, different regions of the pelagic zone experienced overall seasonal differences in 

fluorescence. Patches of fluorescence fell into two patterns based on transect sampling: patches 

smaller than 700 meters or large areas of elevated fluorescence covering approximately half of 

the lake. Horizontal variability, based on modeling results, was correlated with precipitation, 

lowered water column stability, solar flux, and wind speed and direction (Fig. 11b).  

We found drastically different patterns for chlorophyll and phycocyanin (Fig. 10); however, 

temporal patterns of water clarity and algal biomass better matched phycocyanin measurements, 

as 74% of the total biomass for 2010 

was blue-green algae.  

Past studies have concluded that while 

many drivers can impact timing and 

intensity of algal blooms, weather 

played a crucial role in algal dynamics 

(Wynne et al., 2010; Soranno, 1997). 

Epilimnetic fluorescence was modeled 

using a suite of variables to determine 

potential drivers of algal blooms. 

Major drivers of epilimnetic 

fluorescence were seasonal succession, 

stability, elevated winds over several 

days, and calm winds on the sampling 

day; these results suggest the 

importance of internal mixing of 

nutrients and a stable water column for 

buoyancy regulation of algal bloom 

development in Lake Mendota (Fig. 

11a).  Modeling efforts indicated that 

phycocyanin was better predicted than chlorophyll. These results suggest that use of rapid sensor 

technology may aide in better understanding variability and drivers of algal blooms in a 

eutrophic system, and perhaps improve our ability to accurately model and predict algal blooms.  

Figure 10. Epilimnetic mean fluorescence for all sites in 2010. 

Sites 1-10 represent a linear transect across the lake with the 

dotted line represented the deep hole in the center of the lake. 

Heat maps were developed by interpolating between each 

sampling date (20 discrete sampling events) and site. A) 

Phycocyanin, B) Chlorophyll, C) Phycocyanin to chlorophyll 

ratio. White dashed line indicates the location of the most 

intensive sampling on Lake Mendota 

 



 

Figure 11. Conceptual diagram of the study outcomes, with drivers associated with (A) epilimnetic fluorescence and 

(B) horizontal epilimnetic variance. Time scales move from the daily scale on the left to the seasonal scale on the 

right. 

 

Research Summaries 2011-2012 

NTL PIs have been extremely successful leveraging NTL facilities, research, and long-term data 

in affiliated projects, many of which are related to core NTL science questions.  These affiliated 

projects are funded through the National Science Foundation (Coupled Human and Natural 

Systems; Macrosystems Biology; Water, Sustainability, and Climate; Microbial Observatories; 

Cyber Enabled Discovery and Innovation; Research Coordination Networks), State agencies 

(Wisconsin DNR), Federal agencies (USGS Water, Energy, and Biogeochemical Budgets; 

Climate Change & Resilience Sport Fisheries), Private Foundations (Gordon & Betty Moore 

Foundation), and private donor. In total, a total seven affiliated research initiatives and six 

privately-funded undergraduate research fellowships are affiliated with the NTL-LTER program. 

 

Long-term trends in ice phenology and thermal structure were investigated using 15-30-year time 

series for 11 lakes monitored by the NTL-LTER program. Lakes responded to regional climate 

warming coherently, showing declining ice cover duration, prolonged growing season, and 

increasingly warmer waters. Relationships between changes in physical dynamics (e.g., thermal 

structure and ice phenology) and biological processes (e.g., the timing of peak chlorophyll-a 

concentration, zooplankton biomass and individual zooplankton species abundance) indicated 



high inter-annual variability. Further investigation into metrics used to define the timing of 

biological processes will be required to better assess the impact of climate forcing on the 

phenology of a lake’s physical and biological communities.  

 

Increased DOC inputs are leading to a ‘darkening’ or ‘browning’ of many temperate lakes.  This 

color change alters energy budgets and water column temperatures, and can counter increases in 

water temperatures that would be expected from climate change. Results of a physical model 

validated with data from NTL lakes indicate that 1) the thermal structure of lakes with lower 

DOC concentrations is more sensitive to climate variability, and 2) observed changes in DOC 

loading could result in larger thermal changes in small lakes compared to the magnitude of 

climate variability in the 22 year NTL-LTER meteorological record. 

 

Drought may be a mechanism through which directional climate change influences freshwater 

ecosystems. Coarse woody habitat (CWH) in littoral zones can serve as critical fish habitat for 

prey production, refuge, and spawning sites. Because of its location along the lake shore, this 

habitat may be lost if lake level decline due to drought.  A prolonged drought in northern 

Wisconsin, allowed us observe conditions similar to those expected to occur in many north 

temperate lakes, given current climate change predictions. In one study lake, water level declined 

>1 m and eliminated >75% of the previously submerged CWH from the littoral zone. The loss of 

CWH was associated with the collapse of prey fish populations and subsequent shifts in foraging 

behavior, reduced growth rates, and altered densities of predator fish.  

 

NTL-LTER researchers used a lake-ice model (DYRESM-I) to investigate how lake 

morphometry influences responses to changing climate over the last century in several NTL core 

study lakes. Fish Lake (southern WI core study lake) has been the most affected by changing air 

temperature and wind speed, with largest decrease in ice cover period (33.4 days), decrease in ice 

thickness (14.0 cm), and increased stratification duration (24.5 days) over the 100 year period. 

This indicates that deep lakes with small surface areas are most at risk to changing climate.  

 

A combination of field data, remotely-sensed data, and numerical modeling indicate shallow 

groundwater subsidizes corn growth by providing access to additional water to plants, 

particularly during dry years, but very shallow groundwater can counteract this effect, resulting 

in anoxia-induced reduction in yield.  

 

A recent LTER cross-site workshop, including NTL personnel, documented the contributions of 

long-term experiments to ecological knowledge and made recommendations for the future role of 

long-term experiments (Knapp et al., 2012). We identified ca. 240 long-term experiments 

conducted at LTER sites since their inception. Collectively, these experiments have (a) provided 

unique insights into ecological patterns and processes, although such insight often became 

apparent only after many years of study; (b) influenced management and policy decisions; and 

(c) evolved into research platforms supporting studies and involving investigators who were not 

part of the original design. We recommended more cross-site and cross-discipline long term 

experiments in the future. 

 

An LTER cross-site collaboration resulting from a workshop at the 2009 LTER All Scientist 

Meeting examined the role of long-term datasets in understanding freshwater ecosystems (Dodds 



et al., 2012). We illustrated the myriad roles of long-term data using several case studies of 

LTER sites. Common threads among the case studies are that long-term measurements or 

experiments in aquatic systems can catch rare events, changes in highly variable systems, time-

lagged responses, cumulative effects of stressors, and biotic responses that encompass multiple 

generations. We identify many sources of long-term data outside of the LTER network, and 

make recommendations for future maintenance and design of long-term monitoring networks. 

 

Steve Carpenter (NTL Co-PI) participated in a LTER synthesis paper about scenarios in long-

term ecological research (Thompson et al., 2012).  Five examples of scenario studies affiliated 

with the US Long Term Ecological Research (LTER) Network were evaluated in terms of their 

ability to advance the LTER Network’s capacity for conducting science, promoting social and 

ecological science synthesis, and increasing the saliency of research through sustained outreach 

activities. This synthesis makes the case that scenario studies should be advanced 

programmatically within large socioecological research programs to encourage prescient 

thinking in an era of unprecedented global change. 

 

Aquatic invasive species (AIS) can alter ecosystem processes, native communities, and local 

economies. We are modeling the presence or absence and abundance of common aquatic 

invasive species in lakes of Wisconsin’s Northern Highlands Lake District: Chinese mystery 

snails (Bellamya chinensis), rusty crayfish (Orconectes rusticus), banded mystery snails 

(Viviparus georgianus), and Eurasian watermilfoil (Myriophyllum spicatum).  Approximately 

40% of all lakes in the region are invaded, although fewer than 14% of lakes across the state are 

known to have AIS.  Abundance distributions for each species were highly right-skewed, 

indicating potentially high utility that could be gained from predicting sites with high 

abundances.  Additionally, we are collaborating with the Wisconsin Department of Natural 

Resources to expand our analysis to the entire state.   

 

A survey of gas emissions from streams in the Trout Lake region showed that these ecosystems 

are constant sources of CO2 and CH4 to the atmosphere, with CO2 emission rates ~5X higher 

than reported in prior studies. Stream pCO2 was ~3X higher than the regional lake average. 

Similarly, stream pCH4 was always supersaturated with respect to the atmosphere and the mean 

was much higher compared to lakes. Simple upscaling estimates suggest that stream emissions 

could account for a significant component (~5%) of regional net ecosystem exchange.  

 

We investigated the role of the abundant filamentous green alga Cladophora glomerata in 

supporting diverse epiphytic prokaryotic communities. We used 16S rRNA gene amplicon 

pyrosequencing to examine the microbiota associated with C. glomerata in Lake Mendota to 

infer functional phenotypes. We also used correlative scanning electron and fluorescence 

microscopy to describe major prokaryotic morphotypes. We found microscopic evidence for 

diverse bacterial morphotypes, and molecular evidence for ca. 100 distinct sequence types 

classifiable to genus or species within 9 bacterial phyla. These results suggest that lentic C. 

glomerata bacterial epiphytes have diverse material cycling functions, including traits that 

indicate the occurrence of mutualistic interactions with the algal host (Shahrizim et al., in press). 

 

Ankur Desai (NTL Co-PI), and his graduate-level course in Boundary-Layer Meteorology 

installed an eddy covariance flux tower for measurement of carbon, evaporation, momentum, 



and heat fluxes off of Lake Mendota. The unusually warm spring of 2012 led to an early ice off 

and the tower detected an unexpected large sink of CO2 through much of March that later abated, 

a pattern that closely followed the timing of algal blooms, but runs counter to patterns observed 

in oligotrophic lakes.  

 

A whole-lake thermal manipulation is being conducted to eradicate the cold-water invasive fish 

species rainbow smelt (Osmerus mordax) on Crystal Lake (NTL core study lake). The novel 

GELI (Gradual Entrainment Lake Inverter) lake mixing method successfully destratified Crystal 

Lake, resulting in a hypolimnetic temperature increase from 4.5°C to over 20°C. The 

manipulation removed coldwater refugia, forcing the entire rainbow smelt population into habitat 

beyond their thermal tolerance. Indicators of thermal stress were documented in our extensive 

field sampling regime. Through continuous monitoring, we will evaluate the feasibility of lake 

mixing as a lake management tool for eradication of this cold-water invasive species.  

 

Since its detection in 2009, the spiny water flea (Bythotrephes longimanus) has maintained high 

fall abundances (>150 m
-3

) and altered the zooplankton community of Lake Mendota.  

Zooplankton play a central role in the lake’s food web, so the impact of this carnivorous 

zooplankter may also be felt indirectly in other assemblages at both higher and lower trophic 

levels.  Water clarity in Lake Mendota has been poor due to increases in spring and summer 

phytoplankton abundance.  This may have been exacerbated by the decline in the lake’s 

dominant algae grazer Daphnia pulicaria, a key prey species for B. longimanus.  Additionally, 

when B. longimanus is present in the water column at moderate densities (30-70 m
-3

), it makes 

up a vast majority of the diets of yellow perch (Perca flavescens), an integral zooplanktivore in 

the lake. These early-invasion observations suggest that B. longimanus will likely continue to 

have lasting effects on Lake Mendota’s food web. 

 

Prevailing theory assumes that phosphorus is the key nutrient driving cyanobacterial blooms. 

However, data collected from Lake Mendota suggested that nitrogen limitation can play a key 

role in determining the succession of cyanobacterial species over the summer growing season. 

Cyanobacterial community change was strongly correlated with both dissolved inorganic 

nitrogen concentrations and the light attenuation.  Finally, estimated N inputs from N2 fixation 

were large enough to support the toxic bloom of Microcystis 

 

We have established collaborations with scientists at DOE’s Argonne National Lab and Joint 

Genome Instituteto conduct metagenomic sequencing of microbial communities in several NTL-

LTER and NTL-MO lakes. Three-year time series from seven bog lakes in northern Wisconsin 

constitute one of the primary datasets in the Earth Microbiome Project 

(http://www.earthmicrobiome.org/). Preliminary results based on 16S rRNA gene tag sequencing 

have been obtained from ~1500 samples and are being used to conduct comparative analyses of 

community assembly across lakes.  Results from an analysis of carbon metabolism pathways 

indicate that humic lakes are enriched in genes and pathways specialized in the uptake and 

metabolism of small carbon compounds such as volatile fatty acids, while eutrophic Lake 

Mendota is enriched in genes and pathways involved in complex polymer degradation.  

 

We established collaborations to sequence the genomes of several cosmopolitan freshwater 

bacterial groups (Ghai et al. Env Micro Reports). Genomes were amplified from single cells 

http://www.earthmicrobiome.org/


collected from Lake Mendota and Sparkling Lake in 2009.  One genome from the globally 

distributed and abundant acI-B1 tribe has been thoroughly analyzed. Our metabolic 

reconstruction hints at a facultative aerobe microorganism with many transporters and enzymes 

for pentose use (e.g., xylose). We also found an actinorhodopsin gene that may contribute to 

energy conservation under unfavorable conditions. 

 

Spatially explicit understanding of the delivery of multiple ecosystem services is essential to 

inform landscape management that attempts to sustain the benefits people derive from 

ecosystems. We analyzed the production of multiple ecosystem services in the 1330-km
2
 Yahara 

Watershed (Wisconsin, USA) for the year 2006 to address two questions: (1) Given current land-

use patterns, where are the “hot” and “cold” spots of multiple ecosystem services delivery, and 

what distinguishes there areas? (2) Where in the landscape might the strongest tradeoffs and 

synergies among ecosystem services occur? Our results indicated landscape tradeoffs (negative 

correlations) between provisioning and regulating ecosystem services, and landscape synergies 

(positive relationships) among all regulating services. From these interactions, we identified 

locations that might have the most pronounced tradeoffs and synergies across the landscape. 

Knowledge of the spatial interactions among multiple services can help to identify areas where 

conflicts over different ecosystem services are likely and areas that are critical for the sustained 

provision of multiple services.  

 

Discovering patterns and quantifying their prevalence and significance in limnological data 

remain challenging because of high noise levels, multi-scale patterns, and complexity in 

underlying processes that generate the observable data. Important phenomena, such as 

metabolism, the wax and wane of algal blooms, and lake mixing are often modeled as a function 

of observable patterns in time series. We use symbolic representation of time series data and 

natural language processing as a framework for analyzing millions of observations from 17 

lakes. Preliminary results indicate that dissolved oxygen patterns at the daily scale can be 

classified with high fidelity into groups representing biological process, physical process, and 

sensor errors. Classification is consistent for a range of signal amplitudes from a range of lakes. 

 

Understanding the roles lakes play in landscape-scale processing of organic carbon (OC) requires 

that we better quantify lake loads, subsequent processing and export. We used 30 years of NTL 

lake data to parameterize a simple lake OC model. A Bayes-net framework allowed us to couple 

existing knowledge from the literature with observations for carbon, inflow, temperature, 

hydrologic residence time, and other morphometric lake features to estimate key parameters. 

Model output suggests that the lake dissolved OC budgets cannot be balanced with known 

sources under assumed loading rates. One solution to the missing source may be a long and slow 

transformation of particulate aerial loads to the lake dissolved OC pool.  However, identifying 

the missing source will require a better understanding of the long-term fate of particulate OC 

loads to lakes. 

 

An analysis of 7 NTL core study lakes over a 20-year period showed that the optical properties 

of water in dystrophic lakes (Crystal Bog and Trout Bog) is responding directly to trends in 

dissolved organic carbon (DOC). However, these two lakes have DOC and color trends in 

different directions, suggesting lakes respond differently to the same climatic driving forces. We 

used a time-series model to examine potential drivers of short-term variability in lake water 



color. Inter- and intra-annual variability is very poorly correlated with water chemistry- 

including DOC- and is driven more by changes in the absorbing characteristics of chemical 

constituents than by changes in concentration. 

 

We examined long-term records of annual river export (yield, and flow-weighted concentration) 

for total phosphorus (TP), total nitrogen (TN), total suspended sediments (TSS) for 50 Wisconsin 

catchments that varied in terrestrial composition (forested, agricultural) and aquatic composition 

(stream-dominated; lake-dominated) to assess how land cover and hydrologic network 

composition influence the movement of materials across the landscape. There was a higher 

median and coefficient of variation (CV) for long-term yields and flow-weighted concentrations 

in agricultural and mixed catchments relative to forested catchments. Medians and CVs of yield 

and flow-weighted concentration were also lower in lake- relative to stream-dominated 

catchments, even in the presence of high agriculture. We suggest that over the long-term 

(decades), the intensity of agricultural in a landscape not only increases the central tendency of 

mass export, but also increases variability, while the presence of lakes and reservoirs reduces 

export and dampens variability.  

 

Despite the fact that agricultural and environmental policies influence the magnitude of 

nonpoint-source agricultural nutrient inputs to freshwaters, the barriers to policy reform that 

would reduce these inputs are not well-understood.  A comparison of nutrient management 

regimes in the NTL-LTER Lake Mendota watershed, the ILTER-France Pleine-Fougères 

watershed, and watersheds in the Netherlands revealed that feed and fertilizer supply companies 

and large animal feeding operations have competed with ecologists and agri-environmental 

scientists for influence over nutrient management policy, using tactics of syndicate-mediated 

misinformation campaigns, censorship, and lobbying, as well as direct influence on farmers 

through asymmetrical knowledge relationships.  However, both institutional reforms fostering 

scientific input to policymaking and funding for agri-environmental research have led to 

reductions in livestock-related water pollution. 

 

The success of the collaboration between artists and scientists that began in 2010 and resulted in 

the "Drawing Water: Artists and Scientists Explore Northern Lakes" traveling exhibit, several 

presentations, and informational signs continued and grew this past year.  We joined forces with 

AND, ARC, and HFR in 2010-2011 to form a group exhibit entitled "Long Term Ecological 

Reflections," which had its first showing at the National Science Foundation in spring 2012, 

followed by an exhibit and organized oral session at the 2012 annual meeting of the Ecological 

Society of America and the LTER All Scientists Meeting.  For NTL, the art-science 

collaboration has proven to be a potent activity for thinking about human-lake interactions and 

for reaching out to a broad general audience in Wisconsin and across the country. 

 

We incorporated uncertainty in a suite of climate change and biological invasion scenarios to 

predict the impacts of these stressors on the local extirpation of sentinel coldwater fish species- 

cisco (Coregonus artedi)- from its southern range (Sharma et al., 2011).   Depending upon the 

degree of climate warming, 25 – 70% of cisco could be extirpated by 2100. In contrast, the 

current best estimate of the impact of the invasive fish rainbow smelt (Osmerus mordax) are 

expected to result in the extirpation of 1.2% of cisco populations in Wisconsin. As such, cisco 



extirpations resulting from loss of suitable thermal habitat from climate change appears to be far 

greater than extirpations driven by biotic interactions of rainbow smelt. 

 

We analyzed the contributions of long-term directional climate change, local weather, and 

indices of sunspots and large-scale climatic drivers, such as the North Atlantic Oscillation 

(NAO) and El Niňo Southern Ocean Index (ENSO) on lake-ice break-up dates in Lakes Mendota 

and Monona between 1905 and 2004 (Sharma et al., in review).  Using all of these drivers 

explained an average of 58% of the variation in ice breakup dates.  A combination of the long-

term linear trends that could be attributed to climate change, rain and snowfall in the month prior 

to breakup, air temperature in the winter prior to breakup, cyclic dynamics associated with 

sunspot numbers, ENSO, and for Lake Mendota, NAO, all significantly influenced the timing of 

ice breakup. These results indicate that lake ice dynamics are complex in both lakes and multiple 

interacting processes explain the residuals around the linear warming trends that characterize 

lake ice records. 

 

In many regions, recreational fisheries are key components of local economies. The quality of 

these fisheries, however, can be altered by catch-and-release practices. We used an angler diary 

survey to document taxon-specific effort, catch, harvest, release, and the reason for release in 

northern Wisconsin during the 2011 open-water season (Gaeta et al., in review). Muskellunge 

(Esox masquinongy), black bass (Micropterus spp.), northern pike (Esox lucius), walleye (Sander 

vitreus), and panfish (Lepomis spp.) were released at rates of 99%, 97%, 86%, 67%, and 67%, 

respectively, when targeted. Voluntary release is often the most common reason for release, 

suggesting that fisheries regulations may not be determining angler behavior. Thus regulatory 

actions may be informed by further research on catch-release practices. 

 

An undergraduate research project examined (1) boaters' ability to identify the invasive aquatic 

plan Eurasian water milfoil (EWM; Myriophyllum spicatum) from three native plant species 

(Elodea, Northern milfoil [M. sibericum], and clasping-leaf pondweed [Potamogeton 

richardsonii]); (2) the importance of aquatic invasive species (AIS) relative to other issues; and 

(3) the level of concern regarding the consequences of EWM introduction . Boaters ranked AIS 

within the top three most important issues for the health of regional lakes. When boaters 

identified AIS as an issue of concern, they most commonly reported EWM. Further, boaters 

selected long-term ecological effects of EWM as more important than socio-economic effects 

(obstructing boating activities and decreasing lakefront property values), suggesting most boaters 

do not experience the latter effects. Last, boaters commonly over-report the presence of EWM 

and increasing boater awareness could reduce over-reporting of EWM and improving the 

efficiency of management efforts to inspect suspicious plant sightings. 

 

The introduction of county-wide environmental zoning for lakeshore development in Vilas 

County, Wisconsin in 1999 provides a natural before-after experiment to examine the impact of 

zoning on property values.  We found evidence for an overall gain in shoreline property value 

under the zoning policy. Results are inconclusive as to whether the zoning policy is too stringent, 

in the sense that the net gain to undeveloped parcels might be increased by relaxing the 

stringency of the zoning rules. 

 



We investigated the effects of water clarity on lakefront property values in the Northern 

Highlands Lake District of Wisconsin using hedonic property analysis. By using remote sensing 

imagery in combination with water clarity field measurements, the sample of lakes used in the 

study is much larger than it would have been otherwise. Findings indicate that a 1-foot 

improvement in Secchi depth increases the value of the average shoreline property by $2700. 
 

Inputs of dissolved organic carbon (DOC) to lakes from the surrounding landscape (i.e., 

allochthonous DOC) can be stored, mineralized or passed to downstream ecosystems. However, 

the relative importance of these processes is difficult to quantify. We used a coupled 

hydrodynamic-water quality model to simulate broad ranges in lake area and DOC, two 

characteristics important to processing allochthonous DOC. Simulation results indicated that the 

fate of allochthonous DOC was controlled primarily by the mineralization rate and the 

hydrologic residence time (Hanson et al., 2011). Lakes with residence times <1 year exported 

approximately 60% of the DOC, whereas lakes with residence times >6 years mineralized 

approximately 60% of the DOC. DOC fate in lakes can be determined with a few relatively 

easily measured factors, such as lake morphometry, residence time, and temperature, assuming 

we know the recalcitrance of the DOC. 
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