PROJECT SUMMARY

Overview:
Over nearly four decades, the North Temperate Lakes (NTL) LTER program has pursued a goal of
understanding the long-term ecosystem dynamics of lakes and their surrounding landscapes. Lakes are
charismatic landscape elements that provide a wide range of ecosystem services and are ideal study
systems due to their integrative nature. Anthropogenic changes are becoming increasingly apparent in
these systems, often as abrupt and substantial shifts in ecosystem structure and function that are viewed
negatively by lake users. New research activities will build on a strong foundation of long-term
observations and deep ecological understanding to address the overaching question: What are the causes
and consequences of abrupt ecological change in lakes and their surrounding landscapes? To address this
question, research activities will be organized around four central questions.
Climate variability and lake phenology: What are lake phenological responses to a warmer and more
variable climate that may lead to abrupt ecological change?
Interacting drivers and abrupt change in urban aquatic ecosystems: How do interactions of land use/land
cover and long-term climate change affect urban aquatic ecosystems?
Interacting drivers and water quality: How do external drivers interact with aquatic invasive species to
regulate water quality?
Managing for abrupt change in whole-lake experiments: What causes intentional ecosystem
manipulations to persist, revert, or lead to novel states?
We will pursue a series of interrelated research in two regions of Wisconsin, the forest- and lake-rich
Northern Highlands Lake District (NHLD) and the Yahara Lakes District (YLD) where agriculture and
urban land cover dominates. Our research integrates multiple approaches, including the collection and
analysis of long-term data, comparative studies, experiments ranging from small-scale to wholeecosystem, simulation and statistical modeling, and ecological synthesis. These activities combine
terrestrial, aquatic, and atmospheric perspectives, and consider physical, chemical, biological processes
across multiple spatial and temporal scales.

Intellectual Merit:
The set of proposed research activities organized around a central framework of abrupt ecological change
provides our interdisciplinary research group with unique opportunities to elucidate mechanisms that have
led to abrupt ecological changes within lakes in the past, or may lead to such shifts in the future. These
efforts are facilitated by being able to draw on multiple long-term observations across a diverse set of
lakes, and a strong foundation of research on ecosystems. Further, given that the potential for large and
sudden ecosystem change is increasing globally as rates of environmental change accelerate, we will test,
modify, and expand hypotheses regarding the causes and consequences of abrupt ecological change that
are broadly relevant across diverse ecosystems.

Broader Impacts:
Ecological changes such as species invasions, disappearance of favored sport fish, or occurrences of
harmful algal blooms attract substantial public attention. This provides us with an opportunity and
responsibility to understand why these events are occurring, to share this understanding broadly, and
increase awareness of lakes and environmental change in a rapidly changing world. NTL will continue to
build bridges with lake managers, institutions, and other stakeholders concerned with the health of our
lakes. In addition to training undergraduate and graduate students, NTL sponsors a host of outreach
activities, ranging from K-12 programs, to building public understanding of our inland waters through
science communication, to an innovative artist-in-residence program. Underpinning all of these activities
are NTL efforts to promote diversity and inclusivity in science.
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RESULTS FROM PRIOR SUPPORT
Research Results: The North Temperate Lakes (NTL) LTER site began in 1981 with a goal of studying
long-term dynamics in 7 lakes in Wisconsin’s Northern Highlands Lake District (NHLD) and understanding
how landscape position shapes these dynamics. The site expanded to include 4 lakes in the Yahara Lake
District (YLD) in southern Wisconsin in 1994, adding a regional-scale approach to our long-term science.
NTL research spans multiple disciplines and addresses questions relevant to basic ecological theory and
policy and management challenges. Over the last 6 years, research activities were organized around 4
questions:
Perception of Long-Term Change: How and why have the lake districts changed, and how
will they change in the future?
Climate as a Driver of Long-Term Change: What are the mechanisms of physical and
ecological responses of lakes to a changing climate?
Dynamics of Heterogeneity: What are the long-term patterns, causes, and consequences of
spatial heterogeneity in lakes and landscapes?
Shocks, Shifts, and Compensatory Responses: How and when do extreme events and
multiple drivers cause ecosystem transitions?
We present brief summaries of representative results for each theme drawn from 250 NTL articles from
2014-present that have already been cited >7000 times, as well as 7 M.S. theses, 15 Ph.D. dissertations, and
136 new or updated datasets (Table S1). Bolded citations refer to Top 10 papers (Table 1).
Perception of long-term change7KLV¿UVWWKHPHLQYROYHGWKHFROOHFWLRQPDQDJHPHQWDQGDQDO\VLVRI
long-term lake data. NTL has collected, curated, and made publicly available ca. 60 datasets that span >30
years in the 5 LTER core areas. These data are among the most complete multi-year, multi-lake, openaccess datasets in the world and provide the foundation for understanding long-term change in lakes and
their surrounding landscapes (Magnuson et al. 2006). Roughly 50% of NTL-related articles published since
2014 use some of these data, including several that use NTL time series exclusively (e.g., Batt et al. 2017;
Powers et al. 2017a, b) or in cross-site analyses (e.g., Hampton et al. 2017; Sharma et al. 2019). The value
RIWKHVHGDWDLVDOVRUHÀHFWHGLQLWVLQFUHDVLQJXVHE\QRQ17/UHVHDUFKHUVDQGZHKDYHFRQVHUYDWLYHO\
LGHQWL¿HGSXEOLFDWLRQVVLQFHZULWWHQE\XQDI¿OLDWHGDXWKRUV
Climate as a driver of long-term change: Understanding effects of climate on lakes has been a longstanding NTL research theme. Over the previous 6 years, we focused on lake physical responses to warming
DQGWKHHFRORJLFDOFRQVHTXHQFHVRIWKHVHFKDQJHV3XUVXLWRIERWKWRSLFVVKDUHDSDWWHUQRI¿UVWFRQGXFWLQJ
within-lake studies to understand mechanisms followed by generation of larger data sets (e.g., Sharma et
al. 2015; Winslow et al. 2017a) and development/improvement of process-based models, especially GLMAED2 (e.g., Read et al. 2016; Winslow et al. 2016; Bruce et al. 2018) to address regional and global-scale
questions. These latter activities have been collaborative cross-site efforts that involved graduate student
training with NTL researchers and alumni providing leadership. We are major partners in the development
of a hydrodynamic-water quality simulation model that has gained broad community acceptance (Hipsey
et al. 2019), and in techniques that pair process-based model with machine learning to extract maximum
information from long-term and broad-scale lake data (Read et al. 2019).
Changing lake physics- Detailed studies of NTL lakes revealed changing ice cover phenology and thermal
structure, including oscillatory warming and cooling phases over the last century (Lathrop et al. 2019).
Surface warming is coupled with deep layer cooling due to increased strength and duration of thermal
VWUDWL¿FDWLRQ 0DJHH :XE ,Q/DNH0HQGRWDZDUPLQJKDVOHGWRVWHSSHGLQFUHDVHVLQWKHVWUDWL¿HG
period of ca. 1 month over the last century (Magee et al. 2016). Site-based studies have also emphasized
the individuality of lake responses to warming; for example, the larger, deeper NTL study lakes Fish and
Mendota experienced more thermal variability and are predicted to have more ice-free days in response
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WR ZDUPLQJ UHODWLYH WR WKH VPDOOHU VKDOORZHU /DNH:LQJUD 0DJHH :X D  ([SDQGLQJ IURP WKLV
VLWHEDVHGZRUNWREURDGHUVSDWLDOVFDOHVYLDPRGHOLQJDQGODUJHUGDWDVHWVFRQ¿UPHGWKHLQGLYLGXDOLW\RI
lakes; distinct responses of thousands of lakes to warming are modulated by interactive effects of lake
surface area, depth, and water clarity (Winslow et al. 2015, 2017b; Rose et al. 2016). Regardless of amonglake differences, lakes around the world are warming (O’Reilly et al. 2015). Approximately 20% of lakes
are expected to have a shift in their mixing regime (D.P. Hamilton et al. 2018; Woolway et al. 2019), ice
duration may decrease by ca. 1 month over the next 50 years (Hewitt et al. 2018), and 20-200K more lakes
in the northern hemisphere are likely to have intermittent ice cover in the decades to come (Sharma et al.
2019).
Ecological consequences&KDQJHVLQWHPSHUDWXUHVWUDWL¿FDWLRQDQGLFHGXUDWLRQKDYHPDQ\HFRORJLFDO
consequences for lakes (Hampton et al. 2017). For example, nitrate accumulates in direct proportion to
ice duration, so spring nitrate concentrations are low following short winters (Powers et al. 2017b). For
carbon, modeling metabolism using 10 years of data from 6 lakes showed most lakes shift between being
C sources and C sinks, with most lakes acting as net sources during warmer summers due to an increase
in respiration relative to burial of organic matter (McCullough et al. 2018). The importance of lakes in C
cycling also motivated us to evaluate approaches for estimating CO2ÀX[HVLQFOXGLQJFDOFXODWLQJpCO2 from
carbonate equilibria (Golub et al. 2017), gas transfer velocity models (Dugan et al. 2016), and techniques
for quantifying whole-lake CO2ÀX[HV %DOGRFFKLHWDOLQUHYLHZ5HHGHWDO 
,Q:LVFRQVLQRQHHIIHFWRIFOLPDWHFKDQJHWKDWDWWUDFWVVXEVWDQWLDOSXEOLFLQWHUHVWLVWKHFRQVHTXHQFHRIODNH
ZDUPLQJRQFROGZDWHU¿VKHV Cisco (Coregonus artidi) is a coldwater sentinel species and in productive
lakes, they are susceptible to a phenomenon known as ‘oxythermal squeeze,’ in which their habitat gets
compressed from above by warming and from below by increased hypolimnetic anoxia. This process is
becoming more pervasive in Wisconsin lakes as they warm (Lyons et al. 2018; Magee et al. 2018, 2019a).
Warming is also one of the causes of a rapid decline in walleye (Sander vitreum DKLJKO\SUL]HGJDPH¿VK
and an increase in black bass (Micropterus spp.) in northern Wisconsin (Hansen et al. 2015; Rypel et al.
2018). Modeled future thermal conditions for 2148 lakes suggest a loss of walleye from 33–75% of systems
where recruitment is currently supported and a 27–60% increase in lakes suitable for high bass abundance
over the next 50-75 years (Hansen et al. 2017).
Dynamics of heterogeneity: Describing and understanding the drivers of heterogeneity among lakes
is a second long-standing NTL theme that originated with studies of lakes in the landscape (Magnuson
et al. 2006). Recent questions expanded on the original landscape frame of reference to investigate (1)
landscape-scale heterogeneity in temporal dynamics (i.e., synchrony); (2) the causes and consequences of
heterogeneity in urban watersheds; and (3) spatial heterogeneity within individual water bodies.
Long-term patterns in lake water clarity :DWHU FODULW\ UHÀHFWV WKH ELRJHRFKHPLFDO HQYLURQPHQW RI D
lake, regulates photosynthesis and activities of visual predators and prey, and can be measured easily and
DFFXUDWHO\ LQ WKH ¿HOG RU GHWHUPLQHG YLD UHPRWH VHQVLQJ$W UHJLRQDO VFDOHV V\QFKURQ\ LQ ZDWHU FODULW\
among lakes was not spatially structured (Lottig et al. 2017) but was responsive to a mixture of lake and
ZDWHUVKHGIHDWXUHV7KHVLJQL¿FDQFHRIWKHVHGULYHUVZDVPRGXODWHGE\SUHFLSLWDWLRQRUPRUHVLPSO\WKH
GHJUHHRIKHWHURJHQHLW\LQUHJLRQDOODNHZDWHUFODULW\ZDVLQÀXHQFHGE\DG\QDPLFLQWHUDFWLRQEHWZHHQODQG
cover/land use and climate (Rose et al. 2017).
Heterogeneity in urban watersheds- Through past and ongoing work, we have learned a great deal about the
FRQQHFWLRQVEHWZHHQODNHVDQGODQGXVHODQGFRYHULQIRUHVWHGDQGDJULFXOWXUDOVHWWLQJV,QWKHIXQGLQJ
cycle, we broadened our scope to include urban landscapes, a theme that we will pursue further over the
next 6 years. To begin to understand how lakes are affected by increasing urban land cover, we focused on
heat and water movement in Madison’s heterogeneous urban environment. Madison’s urban heat island
KDVEHHQPRQLWRUHGYLDDGHQVHQHWZRUNRIWHPSHUDWXUHVHQVRUVVLQFH 6FKDW] .XFKDULN
2016), and recent studies examined the relationship between urban heating and trees. To maximize the
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daytime cooling effect of trees, at least 40% canopy cover is necessary at a scale of a typical city block
(60-90m); however, reducing impervious surfaces is needed to lower nighttime temperatures (Ziter et al.
2019). And while patches of urban forest can create cooler zones within the city, their exposure to warmer
temperatures increases the growing season length (Zipper et al. 2016) and affects urban hydrology by
increasing evapotranspirational demands (Zipper et al. 2017a). Flashiness typical of urban streams is also
DSSDUHQWLQODNHZDWHUOHYHOV 8VLQRZLF]HWDO DQGFDXVHVLQFUHDVHGÀRRGULVN =LSSHUHWDO .
Within Madison’s residential areas, high surface runoff is driven by large areas of paved surfaces and
FRPSDFWHGVRLOVFKDUDFWHULVWLFRIERWKWKHROGHVWDQGQHZHVWQHLJKERUKRRGVLQ0DGLVRQ =LWHU 7XUQHU
2018; Voter & Loheide 2018), and at the scale of the whole city, differences in amount and connectivity
of impervious surface features has created a complex hydrologic landscape of varying amounts of surface
runoff and deep drainage (Voter & Loheide 2018).
Heterogeneity within individual water bodies- Within individual lakes, limnologists have long been
aware of spatial variability in physical, chemical, and biological conditions. However, quantifying this
KHWHURJHQHLW\LVGLI¿FXOWDVPDQXDOVDPSOLQJLVODERULQWHQVLYHDQGUHPRWHO\VHQVHGLPDJHVKDYHOLPLWVRQ
the lake size, spatial resolution, frequency, and attributes that can be measured reliably. To address many
of these challenges, we developed the Fast Limnology Automated Measurement (FLAMe) platform to
generate detailed maps for multiple water quality variables (Crawford et al. 2015). Use of the FLAMe
has allowed us to determine lake attributes associated with pronounced within-lake heterogeneity (Loken
2018), and identify CO2 and CH4 hotspots in streams and lakes (Crawford et al. 2017; Loken et al. 2019),
areas receiving high salt inputs and with fecal coliform activity (Stadler et al. 2019), and where algal
EORRPVPD\¿UVWDSSHDU%XWLWWDHWDO  XVHGWKH)/$0HWRLOOXVWUDWHFKDQJHVLQVSDWLDOSDWWHUQLQJRI
phycocyanin (a measure of cyanobacterial abundance) in advance of bloom onset, suggesting that spatial
data could be used as an advanced signal of cyanobacterial blooms. Detailed spatial data were also used to
improve the accuracy and certainty of estimates of processes such as nitrogen retention, whole-lake CO2
and CH4ÀX[HVDQGSULPDU\SURGXFWLRQ /RNHQHWDO6FKUDPP 
Shocks, shifts, and compensatory responses: This thematic area was motivated by changes in some
drivers (rainfall regimes, land use management) and emergence of new drivers (new water quality policies,
LQYDVLYHVSHFLHV ,QWKHODVW\HDUVWKHVHFKDQJHVZHUHSDUWLFXODUO\FRQVSLFXRXVLQ</'ODNHV+HUH DV
in most lakes), water quality is shaped by phosphorus (P) inputs, and reduction of non-point P sources
continues to be a management priority. Despite major management investments, P loading has not declined
(Carpenter et al. 2018 &DXVHVIRUWKLVODFNRIFKDQJHLQFOXGHGDLU\LQWHQVL¿FDWLRQVKLIWVWRZDUGVPRUH
erosive row crops, urban expansion, and increasing frequency of heavy rainfall (Gillon et al. 2016).
Approximately 75% of the annual P load occurs during <30 days per year (Carpenter et al. 2015, 2018).
With continued climate change, P yields are likely to increase as a large stock of legacy P in soils erodes into
surface water (Motew et al. 2017, 2018), and reduces ecosystem services. However, there are pathways
forward to sustain future ecosystem services (Qiu et al. 2017, 2018). Finally, a key practical success of these
DQGRWKHUDOOLHGHIIRUWVZDVWKHLQWHJUDWLRQRIV\QHUJLVWLFPRGHOV  $JUR,%,6±DG\QDPLFPRGHORI
terrestrial ecosystem processes, biogeochemistry and water balance (Motew et al. 2017, 2018); (2) THMB,
an aquatic biogeochemistry and large-scale hydrology model (Chen et al. 2019); and (3) a Yahara Water
Quality Model <:40&DUSHQWHU /DWKURS 
:KLOHZDWHUTXDOLW\LVVWURQJO\DIIHFWHGE\3ORDGLQJJUD]LQJE\]RRSODQNWRQDOVRLQÀXHQFHVZDWHUFODULW\
DQGDOJDOEORRPVLQODNHV7KHVSLQ\ZDWHUÀHDBythotrephes longimanus invasion of Lake Mendota in 2009
SURYLGHGXQLTXHLQVLJKWVLQWRWKHUROHRIJUD]LQJRQZDWHUTXDOLW\,QYDVLRQOHGWRDGHFOLQHLQELRPDVV
of the dominant grazer Daphnia pulicaria, which reversed a long-standing trophic cascade and caused a
~30% reduction in water clarity (Walsh et al. 2016a, 2017, 2018a). Offsetting the loss of water clarity
associated with Bythotrephes would require a ~ 70% reduction of current P loading at an estimated cost of
~$100 million (Walsh et al. 2016a). The abrupt changes caused by Bythotrephes led to questions about the
seemingly sudden arrival of this and other invaders. A paleolimnological study revealed that Bythotrephes
3

existed as a low-density ‘sleeper population’ for over a decade until their 2009 outbreak when suitable
environmental conditions allowed a rapid population increase (Walsh et al. 2016b). This result inspired
subsequent studies, including (1) empirical and theoretical analyses on detection of low-density invasive
populations (Walsh et al. 2018b, 2019b); (2) development of a conceptual framework for translating siteVSHFL¿FLPSDFWVWRWKHODQGVFDSHVFDOH 9DQGHU=DQGHQHWDO/DW]NDHWDO DQG  WUDFNLQJ
new invaders to the YLD.
Additional Research Activities: The NTL Microbial Observatory maintains a DNA sequencing time series
database (>18 years) in 3 core study lakes and the largest freshwater metatranscriptome dataset to date (Linz
et al. 2020). These datasets have been used to study the structure, drivers of change, and biogeochemical
capacities of microbial communities. This included a characterization of the core bacterial community and
its inter-annual dynamics (Linz et al. 2017) and using long-term data to predict short-term change (Herren
0F0DKRQ /RQJWHUPPHWDJHQRPLFVGDWDZHUHXVHGWRLQIHUWKHSK\VLRORJ\RIPDMRUEDFWHULDO
groups from 193 population genomes (Linz et al. 2018) and ecophysiological differentiation within the
IUHVKZDWHU$FWLQREDFWHULD --+DPLOWRQHWDO 6HYHUDOKLJKSUR¿OHVWXGLHVLQFROODERUDWLRQZLWKWKH
-RLQW*HQRPH,QVWLWXWHRQIUHVKZDWHUYLUXVHVZHUHDOVRFRPSOHWHG 6FKXO]HWDO&KHQHWDO
Roux et al. 2017; Paez-Espino et al. 2019).
Cross-site activities- NTL members continue to lead and be active in a range of cross-site activities within
DQG EH\RQG WKH /7(5 QHWZRUN *ULHV DQG +DQVRQ OHDG WKH (QYLURQPHQWDO 'DWD ,QLWLDWLYH (',  JUDQWV
DQGSURYLGHHVVHQWLDO,0VXSSRUWIRUPDQ\VLWHV2WKHUDFWLYLWLHVLQFOXGHFRQWULEXWLQJWRWKHDUWVFLHQFH
FROODERUDWLRQ³(FRORJLFDO5HÀHFWLRQV´ 6ZDQVRQ DQGSDUWLFLSDWLRQLQVHYHUDOFURVVVLWHSURMHFWVRQ
themes such as LTER-NEON synergies (Jones et al. in prep), future ecosystem trajectories (Cowles et al.
in review), temporal community dynamics (Collins et al. 2018), under-ice lake ecology (Hampton et al.
2017; Powers et al. 2017a, b), climate change impacts in Wisconsin (Magee et al. 2019a), and a plethora
of working groups associated with the Global Lake Ecological Observatory Network (GLEON) (e.g.,
Björnerås et al. 2017; Bruce et al. 2018; Dugan et al. 2017; Leach et al. 2018).

Table 1. Top 10 NTL Publications since 2014. Student authors underlined.
1. Batt, R.D., S.R. Carpenter, A.R. Ives. 2017.
Extreme events in lake ecosystem time series.
Limnology and Oceanography Letters 2: 63-69.
2. Carpenter, S.R., E.G. Booth, C.J. Kucharik.
2018. Extreme precipitation and phosphorus loads
from two agricultural watersheds. Limnology and
Oceanography 63: 1221-1233.
3. Crawford, J.T., L.C. Loken, N.J. Casson, C.
Smith, A.G. Stone, L.A. Winslow. 2015. High-speed
limnology: using advanced sensors to investigate
spatial variability in biogeochemistry and hydrology.
Environmental Science & Technology 49: 442-450.
4. Hampton, S.E., A.W.E. Galloway, S.M. Powers, et
al. 2017. Ecology under lake ice. Ecology Letters 20:
98-111.
5. Linz, A.M., B.C. Crary, A. Shade, S. Owens, J.A.
Gilbert, R. Knight, K.D. McMahon. 2017. Bacterial
FRPPXQLW\FRPSRVLWLRQDQGG\QDPLFVVSDQQLQJÀYH
years in freshwater bog lakes. mSphere 2:e00296-17.

6. Motew, M., X. Chen, E.G. Booth, S.R. Carpenter, P. Pinkas, S.C.
Zipper, S.P. Loheide, II, S.D. Donner, K. Tsuruta, P.A. Vadas, C.J.
.XFKDULN7KHLQÁXHQFHRIOHJDF\3RQODNHZDWHUTXDOLW\LQD
Midwestern agricultural watershed. Ecosystems 20: 1468–1482.
6KDUPD6.%ODJUDYH--0DJQXVRQ&02·5HLOO\62OLYHU
R.D. Batt, M.R. Magee, D. Straile, G.A. Weyhenmeyer, L. Winslow,
R.I. Woolway. 2019. Widespread loss of lake ice around the Northern
Hemisphere in a warming world. Nature Climate Change 9: 227-231.
8. Voter, C.B., S.P. Loheide. 2018. Urban residential surface and
subsurface hydrology: Synergistics effects of low-impact features at the
parcel scale. Water Resources Research 54: 8216-8233.
9. Walsh, J.R., S.R. Carpenter, M.J. Vander Zanden. 2016a. Invasive
species triggers a massive loss of ecosystem services through a trophic
cascade. Proceedings of the National Academy of Sciences of the United
States of America 113: 4081-4085.
10. Ziter, C., E.J. Pedersen, C.J. Kucharik, M.G. Turner. 2019. Scaledependent interactions between tree canopy cover and impervious
surfaces reduce daytime urban heat during summer. Proceedings of the
National Academy of Sciences of the United States of America 116: 75757580.
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Information Management (IM) and Data Availability:,0FRQWLQXHVWREHDSULRULW\DQGHVVHQWLDOWRRXU
success in long-term ecological research. A priority is archiving and publishing and making discoverable all
LQFRPLQJGDWDRQDWLPHO\EDVLVDQGZLWKKLJKTXDOLW\PHWDGDWDLQRXUGDWDUHSRVLWRU\DQG(',7KHGHPDQG
for data publishing has increased during the last funding cycle due to journal and agency requirements. NTL
,0LVFRQVWDQWO\DGDSWLQJWRKDQGOLQJQHZGDWDW\SHVDQGODUJHUDPRXQWVRIGDWDDQGSLRQHHUHGDUFKLYLQJRI
PRGHOOLQJVRIWZDUHDQGZRUNÀRZVFULSWVDORQJVLGHGDWDLQ(',:HLPSURYHGDQGXSJUDGHGRXUDOUHDG\
UREXVW ,0 V\VWHP LQ VHYHUDO ZD\V RYHU WKH SDVW VL[ \HDUV 17/ ZDV D NH\ FRQWULEXWRU WR XSJUDGLQJ WKH
RULJLQDO'UXSDO(QYLURQPHQWDO'DWD0DQDJHPHQW6\VWHP '(,06LQ'UXSDO LQWRDKLJKO\DXWRPDWHG
QH[WYHUVLRQ '(,06LQ'UXSDO DQGQRZKDYHPLJUDWHGWR'UXSDODQGGRFXPHQWHGWKHSURFHVVIRU
others to follow in our footsteps. This modularizes our already lightweight infrastructure, improving
maintainability and agility in adapting to change. This latest system was built in anticipation of a major
XSJUDGHLQWKH(FRORJLFDO0HWDGDWD/DQJXDJH'DWDÀRZVIURP¿HOGWRFXUDWHGVWRUDJHKDYHEHHQXSJUDGHG
WRPRVWO\5ZRUNÀRZVFULSWV
Broader Impacts: The goal of our education and outreach activities has been, and continues to be, to
improve awareness and understanding of the ecology of lakes, and of science in general for students at all
stages of learning, resource managers, decision-makers, and the general public. To this end, we maintained
a diverse portfolio of activities to reach these equally diverse audiences.
Student training and education: Since 2014, NTL has provided support for 3 post-docs and 33 graduate
students in 8 different departments/programs. Graduate student development is fostered by involving these
early-career scientists in multiple aspects of NTL, including monthly science meetings, interactions with
visiting scholars, undergraduate hiring and mentoring. Each year, >30 undergraduates work directly on
17/UHODWHGSURMHFWVHLWKHUDVVLVWLQJUHVHDUFKHUVRUFRQGXFWLQJWKHLURZQSURMHFWV,QDGGLWLRQWR/7(5
REUs, the Center for Limnology supports 3-4 undergraduate summer fellows and 1 graduate student
through endowment funds to form a cadre of researchers who work together and are guided by the graduate
mentor. One fellow is a science communication intern who facilitates outreach activities and introduces the
idea that doing and communicating science go hand in hand. The graduate mentor interacts regularly with
the undergraduates and leads workshops on topics such as learning R, giving research talks, and applying
to graduate school.
NTL activities also reach into classroom teaching. Several graduate seminars have been motivated by
LTER activities, focusing on lake modeling; an introduction to the LTER Network; exploring and working
with LTER data; building automated aquatic sensors; and science communication. Lakes also provide an
HIIHFWLYHUHVRXUFHIRUXQGHUJUDGXDWHFODVVHVDQG17/UHVHDUFKH[DPSOHVDUHZLGHO\XVHGE\3,VDVZHOO
as by colleagues at other universities. Beyond data use, we estimate that ca. 1200 students/year take classes
WDXJKWE\17/3,VLQZKLFK/7(5UHVHDUFKLVLQFOXGHGLQWKHFXUULFXOXP
K-12 activities: 2XU 6FKRRO\DUG /7(5 ³:LQWHU /LPQRORJ\´ SURJUDP SURYLGHG RSSRUWXQLWLHV IRU a
students/year from 5 schools in the Trout Lake Station area to learn about lakes and how we study these
ecosystems. Students spend part of their day getting hands-on experience collecting data from lakes,
conducting experiments, and making observations in the lab. Roughly 25% of the students are of Native
$PHULFDQ GHVFHQW ,Q 0DGLVRQ ZH ZRUNHG ZLWK WKH 3UH&ROOHJH (QULFKPHQW 3URJUDP IRU /HDUQLQJ
Excellence (PEOPLE), offering limnology workshops for ca. 80 under-represented middle and high school
students. We also partnered with UW Gear Learning to develop and test an ecological curriculum that
integrates an iPad-based board game for learners to explore the impact of people on the environment. NTL
Education representative Bohanan also organized a workshop at the 2015 LTER All Scientists Meeting on
³'HYHORSLQJDQGXVLQJHFRORJLFDODQGHQYLURQPHQWDOJDPHVWRLPSURYHVFLHQFHOLWHUDF\´

5

Outreach: NTL scientists gave talks and led discussions in a wide range of public fora; examples include:
6FLHQFH RQ 7DS 0LQRFTXD DQG 0DGLVRQ :,  WKH 9LODV &RXQW\ (FRQRPLF 'HYHORSPHQW &RUSRUDWLRQ
Wisconsin Department of Transportation; and several lake associations. NTL researchers organized a
citizen-science Bioblitz in partnership with the UW-Arboretum to determine worm densities throughout the
city. We led multiple trips on Lake Mendota for groups including classes from Madison East High School,
the Yahara Watershed Academy (for professionals interested in management of the Yahara lakes), the
/XVVLHU&RPPXQLW\&HQWHU DQRQSUR¿WJURXSVXSSRUWLQJGLYHUVHORZLQFRPHIDPLOLHVLQ0DGLVRQ DQG
WKH0LGZHVWFKDSWHURI1$6$¶V*OREDO/HDUQLQJDQG2EVHUYDWLRQVWR%HQH¿WWKH(QYLURQPHQW */2%( 
among others. We roughly estimate that NTL personnel are involved in 40 - 50 outreach events reaching
well over 1,000 people each year. NTL research has been featured in a range of media outlets, ranging from
local news shows, papers, and Wisconsin Public Radio to features in national and international publications
including National Geographic, The Washington Post, the New York Times, and the CBC science program,
³4XLUNV 4XDUNV´7KURXJKWKHVHHIIRUWV17/VFLHQFHKDVUHDFKHGWHQVRIPLOOLRQVRIUHDGHUVOLVWHQHUV
and viewers.
Results of Supplemental Support: NTL received three supplements in 2014-2020 for information
management, equipment, and an RET award. The RET supported two teachers who developed projects on
GUDJRQÀ\GLYHUVLW\LQVWRUPZDWHUUHWHQWLRQSRQGVDQGJHQHUDWLQJFXUULFXOXPIRUDQRXWGRRUHQYLURQPHQWDO
education class for high school teachers. We used the 2015 equipment supplement to replace an aging
temperature assembly and data logger for a buoy and help acquire a nitrate sensor and portable greenhouse
gas analyzer, for the FLAMe platform. The gas analyzer has also been used in other studies (e.g., Crawford
6WDQOH\ )LQDOO\DVXSSOHPHQWSURYLGHGPDMRUVXSSRUWIRUSODQQLQJRIWKHQHZ/7(5GDWD
UHSRVLWRU\YLDDVHULHVRIZRUNVKRSVWRJHWLQSXWIURPVLWH,QIRUPDWLRQ0DQDJHUV7KHVHDFWLYLWLHVOHGWRD
successful proposal for a new LTER data repository and expanded services. This supplement also supported
WUDQVLWLRQLQJGDWDZHEVLWHVDQGGRFXPHQWDWLRQIURPWKHRULJLQDO/7(51HWZRUN2I¿FHWRWKH(',DQG
WKH QHZ /7(5 &RPPXQLFDWLRQV 2I¿FH LQ 6DQWD %DUEDUD DORQJ ZLWK VHYHUDO RWKHU DFWLYLWLHV 7KXV WKH
NH\RXWFRPHZDVWKHHVWDEOLVKPHQWRI(',DQGSURYLGLQJWKHIRXQGDWLRQIRUH[SDQGLQJWKHVFRSHRIGDWD
repository and data management services to LTER and the broader ecological research community.

RESPONSE TO PREVIOUS REVIEWS
Research: Reviewer comments from the mid-term site review emphasized opportunities to improve
RQ LQWHJUDWLRQ DPRQJ UHVHDUFK DFWLYLWLHV LQWHUQDOO\ DQG ZLWK WKH EURDGHU ¿HOG RI HFRORJ\ DQG QRWHG WKDW
WKHVHLVVXHVZHUHUHODWHGWRWKHSUHVHQWDWLRQRIRXUUHVHDUFKUDWKHUWKDQEHLQJDVWUXFWXUDOLVVXH6SHFL¿F
suggestions related to: (1) emphasize connections and integration among themes and to the broader
conceptual framework; (2) highlight research results that address broad ecological issues and contribute to
ecological understanding across both aquatic and terrestrial systems; and (c) continued vigilance in placing
site-based research in the context of fundamental ecological advances. We have emphasized integration
among proposed research components and relate our work to ecological concepts as illustrated in our
conceptual framework. We have also proposed synthesis activities near the end of the upcoming funding
cycle to intentionally integrate our research with studies in other ecosystems. Finally, many of the questions
we will address are inspired by terrestrial and marine research; as an example, we have drawn on the wealth
of studies on phenology (a topic that is poorly developed in limnology and typically only used in the context
of ice formation/loss) to consider consequences of climate change on lakes.
Information Management (IM): 6XJJHVWLRQV IURP WKH UHYLHZ WHDP IRU ,0 UHODWHG WR   PDLQWDLQLQJ
'UXSDO'(,06  PDQDJLQJVSHFLDOL]HGOHJDF\VRIWZDUH  SRWHQWLDOIRUIDLOXUHRIDXWRPDWHGVHQVRUV
(4) support for models and model-associated data products; and (5) continuing with integration of NTL data
in the semantic web. (1) NTL’s metadata have been managed in the Drupal content management system
IRU WKH ODVW  \HDUV 7KH 'UXSDO (QYLURQPHQWDO ,QIRUPDWLRQ 0DQDJHPHQW 6\VWHP '(,06  IRU 'UXSDO
YHUVLRQ  ZDV XQQHFHVVDULO\ GLI¿FXOW WR PDLQWDLQ7KXV ZH XSJUDGHG WR YHUVLRQ  DQG D PXFK VLPSOHU
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ZHOOIXQFWLRQLQJ'(,06V\VWHPGHYHORSHGE\WKH17/,0WHDP  :HIROORZHGUHYLHZHUVXJJHVWLRQV
and upgraded one of our legacy applications and have a plan to upgrade our water sample management
tool. Our application for measuring and counting zooplankton has been upgraded by a research group in
Canada and we will collaborate with them to build on these developments. (3) To minimize data loss due
to automated sensors failure, we now check/maintain sensors regularly during the open-water season by
PHDQVRIDUHPRWHO\DFFHVVLEOHZHEVLWHDQGWKH&DPSEHOO6FLHQWL¿FVRIWZDUHWKDWDOHUWVXVRIGDWDGHOLYHU\
failures. We have also developed our own low-cost sensors and have these on hand as back-ups. The backup
RIWKHVHUDWKHUODUJHGDWD¿OHVLVKDQGOHGRQ$PD]RQFORXGVWRUDJH  :HKDYHEHJXQWRDUFKLYHFRGHDQG
PRGHORXWSXWVLQWKH(',UHSRVLWRU\ VHHH[DPSOHSURYLGHGLQWKHGDWDPDQDJHPHQWSODQ   ,QDGGLWLRQWR
ongoing data model standardization, semantic integration will be a major focus in the next few years, as a
new version of EML has recently been released providing the structure for semantic annotations.
Education Activities: The review team made two recommendations for our education and outreach
initiatives: (1) broaden the diversity of participants at all levels, and (2) develop a more comprehensive
assessment program. Promoting diversity is an ongoing effort at UW-Madison and for NTL. Currently,
~20% percent of our graduate students are from under-represented groups. For the upcoming funding cycle,
ZHLGHQWL¿HGDVHWRIRSSRUWXQLWLHVLQWHQGHGWRLQFUHDVHWKHGLYHUVLW\RIWKH17/FRPPXQLW\WKDWLQFOXGHV
creation of a committee on diversity, equity, and inclusion; development of workshops on these issues; and
efforts to increase the diversity of our undergraduate participants by leveraging on-campus programs as
detailed in the Outreach and Education section. With respect to assessment, we describe plans to develop
assessment tools for our SYLTER program in partnership with the teachers involved in this program. For
undergraduate training, we will expand current tracking efforts of our research fellows to better understand
the impact that this experience has on students. We will embed tools and materials we develop within the
17/,0V\VWHPDQGVKDUHWKHPDFURVVWKH/7(5QHWZRUN

PROPOSED RESEARCH
Conceptual Framework: Ecological hallmarks of our entry into the Anthropocene include shifts in current
drivers, emergence of new drivers of ecosystem structure and function, and accelerating change in many
ecological patterns and processes. These include abrupt ecological changes- that is, changes that are fast
in time or fast relative to their drivers (Turner et al. 2020). These rapid and often unexpected dynamics are
widely reported across diverse ecosystem types, from coral reefs to grasslands to lakes, and across levels
of ecological organization from populations to landscapes (Rocha et al. 2015; Botta et al. 2019). From a
human perspective, abrupt ecological changes are rarely viewed as positive, and because of their speed,
DGDSWLQJWRRUPDQDJLQJWKHVHFKDQJHVLVGLI¿FXOWDQGPD\WKXVFRPSURPLVHHFRV\VWHPJRRGVDQGVHUYLFHV
and, more broadly, human well-being (Steffen et al. 2015; Turner et al. 2020).
As abrupt ecological changes are becoming increasingly apparent, different cause-effect relationships have
EHHQLGHQWL¿HGRUK\SRWKHVL]HG$EUXSWFKDQJHVDUHIUHTXHQWO\XVHGV\QRQ\PRXVO\ZLWKUHJLPHVKLIWVLH
rapid, persistent ecosystem change in response to a seemingly small change in a driver. These are often
situations in which a VORZO\FKDQJLQJYDULDEOH¿QDOO\SDVVHVDWKUHVKROG and current ecosystem processes
can no longer operate in the same fashion. But not all abrupt changes qualify as regime shifts and instead
may have more obvious causes and may not necessarily persist. Extreme events,ZKLOHGLI¿FXOWWRGH¿QH
can generally be considered as events of a magnitude that are historically rare and among ecologists, this
term is synonymous with disturbance (McPhillips et al. 2018). Many well-known examples are climatedriven, particularly given the reality of increasing weather extremes. An increase in the magnitude of such
events also increases the overall variability of prevailing climate conditions, as do sudden or short-term
changes in weather conditions (from cold to warm, wet to dry) even if the endpoints are not themselves
H[WUHPH7KHVH³ZHDWKHUZKLSODVK´RFFXUUHQFHVKDYHEHHQLGHQWL¿HGDVDW\SHRIH[WUHPHHYHQWWKDWFDQ
also lead to abrupt ecological change (Loecke et al. 2017; Swain et al. 2018; Casson et al. 2019). Over
longer time scales, rising climatological variability of any form- whether as extremes or as a series of
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reversals- presents sustained challenges for species with life histories that rely on regular environmental
cues (Durant et al. 2007; Ohgushi et al. 2012). Thus, we expect that rising climatological variability may
also lead to abrupt ecological change. But regardless of their form, extreme events may not cause big or
abrupt ecological changes by themselves. However, when these events interact with other drivers such as
changes in land use (i.e., interacting drivers), ecosystem consequences can be qualitatively different and
produce rapid and large changes (Peters et al. 2011; Strayer 2012; Rocha et al. 2018). Similarly, a particular
sequence of events in short succession, or the same event occurring at a different point in time, may produce
VXEVWDQWLDODQGUDSLGFKDQJHRUWKHVDPHHYHQWFDQKDYHPDJQL¿HGHIIHFWVRQRQHODNHEXWQRWDQRWKHU
That is, ecosystem state or history can modify driver-response relationships, leading to more muted or
more exaggerated changes (Buma 2015). Collectively, these different causes and circumstances of abrupt
change can be viewed as alternative but not mutually exclusive hypotheses that are broadly relevant across
ecosystems and response variables (Fig. 1).
Within the NTL domain, we have observed shifts in driver and response variables that are both gradual
and abrupt on time scales of years to decades. Examples of rapid changes in lake responses that have been
particularly conspicuous to both researchers and many Wisconsin residents include the collapse of valuable
ZDOOH\H¿VKHULHV 5\SHOHWDO(PENHHWDO LQFUHDVLQJÀXFWXDWLRQVRIODNHOHYHOV :DWUDVHW
al. 2014; Usinowicz et al. 2017); arrival of new aquatic invaders (Wilson et al. 2004; Walsh et al. 2016b);
and sudden declines in lake water clarity (Walsh et al. 2016a), among others. At the same time, we are also
seeing changes in drivers that can cause abrupt change, but abrupt changes have not followed, leading us
to ask why. Our research activities are inspired by these observations and are organized around the overarching question:

What are the causes and consequences of abrupt ecological
change in lakes and their surrounding landscapes?
6WXG\LQJDEUXSWHFRORJLFDOFKDQJHLVFKDOOHQJLQJVSHFL¿FDOO\EHFDXVHRILWVVXGGHQDQGRIWHQVXUSULVLQJ
onset; in these cases, research activities only begin after these events are well underway (e.g., as coral
bleaching has become conspicuous or as an invader has already spread throughout a lake). And while
sudden changes can occur over many time scales, we will emphasize ecological changes that are abrupt on
timescales of years to decades that are relevant to many ecological processes as well as human perspectives.
Here, long-term research programs are particularly well positioned to address questions about abrupt change
by being in place all the time, understanding and studying an ecosystem prior to and during the unfolding
of both sudden and gradual changes at these same timescales. Using lakes as laboratories also provides us
with the opportunity to consider general concepts and hypotheses of abrupt change in ecologically distinct
lakes experiencing similar regional drivers.
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Over the next 6 years, our research activities will be organized around core data collection, 4 research areas,
and synthesis activities that provide us with a set of opportunities to test, modify, and expand hypotheses
of causes and consequences of rapid and long-term ecological change. Our approach to the overarching
question is multifaceted. We will address research questions from the direction of the drivers (What are
consequences of extreme events?) as well as from ecological responses (Which variables change and why?
What are the consequences of these changes?) in different settings (across different lakes, in different
landscapes) and from populations to ecosystems. This will involve a combination of forensic ecology (Why
did a prior abrupt change occur?), opportunism: studying the ecosystem as an abrupt change occurs, and
anticipation: investigating the potential for these events in the future. These different perspectives and
approaches are collectively intended to illuminate underlying mechanisms of ecological changes (both
sudden and gradual), and to test and develop hypotheses of abrupt ecological change that are broadly
relevant across different types of ecosystems. We present a set of studies that consider abrupt changes (or
lack thereof) from different angles, but we are also poised to be opportunistic in the case of the occurrence
of new, surprising events. All of this proposed work begins and ends with the collection and analysis of
long-term data sets across the 5 core LTER areas of primary production, population dynamics and trophic
structure, organic matter accumulation and use, inputs and movements of nutrients through the ecosystem,
and patterns and frequency of disturbances. Continuing these data sets is essential for documenting and
understanding abrupt ecological changes in the past and future. From here, we address the following
questions about abrupt ecological change:
1. Climate variability and lake phenology: What are lake phenological responses to a warmer
and more variable climate that may lead to abrupt ecological change?
2. Interacting drivers and abrupt change in urban aquatic ecosystems: How do interactions
of land use/land cover and climate change affect urban aquatic ecosystems?
3. Interacting drivers and water quality: How do external drivers interact with aquatic invasive
species to regulate water quality?
4. Managing for abrupt change in whole-lake experiments: What causes intentional ecosystem
manipulations to persist, revert, or lead to novel states?
Below, we describe our long-term data sets followed by proposed research activities for the four main
questions. Each section is introduced with a tailored version of the conceptual framework that illustrates
WKHDVSHFWVRIDEUXSWHFRORJLFDOFKDQJHWKDWDUHHPSKDVL]HGZLWKLQWKHVHFWLRQ/HDGUHVHDUFKHUVIRUVSHFL¿F
UHVHDUFK LQLWLDWLYHV ZLWKLQ HDFK RI WKH IRXU VHFWLRQV DUH LGHQWL¿HG RQ HDFK FRQFHSWXDO ¿JXUH$GGLWLRQDO
information about investigators involved in these projects and project timing are detailed in Table S.3 in the
Project Management Plan.
The NTL Setting and Long-Term Science: NTL activities are based in two distinct geographic, ecological,
and human settings (Fig. 2). The NHLD is a water-rich forested landscape that overlies deep glacial silicate
GHSRVLWV:HKDYHSULPDU\VWXG\ODNHVWKDWFDSWXUHWKHUDQJHLQVL]HJURXQGZDWHULQÀXHQFHDQGWURSKLF
VWDWHV 7DEOH WKDWRFFXUDPRQJ!ODNHVLQWKHUHJLRQ,QVRXWKHUQ:LVFRQVLQRXUVWXG\ODNHVLQWKH
YLD lie within an agriculturally dominated, carbonate-rich landscape that is also experiencing rapid urban
growth. These systems are highly enriched (eutrophic) but are still heavily used for recreation. Hence,
PDUNHGGLIIHUHQFHVLQJHRORJ\K\GURORJ\SUHVHWWOHPHQWODQGFRYHUDQGDQWKURSRJHQLFLQÀXHQFHVEHWZHHQ
the NHLD and YLD provide strong contrasts in drivers and lake dynamics. We have capitalized on this
GLVWLQFWLRQ E\ SXUVXLQJ VWXGLHV RI UHJLRQVSHFL¿F GULYHUV DV ZHOO DV XVLQJ WKH FRQWUDVW WR FRQVLGHU KRZ
similar or shared drivers affect pattern and process among regions.
Multi-year NTL records are complemented by pre-LTER data in both lake districts (Magnuson et al. 2006),
plus secondary lakes in which a subset of information is collected. This includes Lakes Waubesa and
Kegonsa in the YLD and Little Rock Lake in the NHLD. Little Rock Lake is now monitored as a secondary
aquatic site for the National Ecological Observatory Network (NEON). Starting with this funding cycle, we
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DUHSDUWQHULQJZLWKWKH:LVFRQVLQ'HSDUWPHQWRI1DWXUDO5HVRXUFHV :,'15 )LVKHULHV5HVHDUFK7HDP
ZKRKDYHEHHQPRQLWRULQJ¿VK¿VKLQJDQGODNHFRQGLWLRQVVLQFHLQODNHVORFDWHGNPIURP7/6
7KLV LQFOXGHV FRPSXOVRU\ FUHHO FHQVXV RI DQJOHU GHPRJUDSKLFV OHQJWK ZHLJKW VH[ DQG DJH RI DOO ¿VK
VSHFLHVKDUYHVWHGVSULQJDQGIDOO¿VKVXUYH\VGDLO\ZHDWKHUDQGZDWHUWHPSHUDWXUHDQGDQQXDOLFHRIIDQG
on dates. Since 2012, standard NTL biweekly limnological and zooplankton monitoring were initiated on
these lakes.
Core data collection:
Sampling program- Our sampling program allows comparisons of parameters and processes among
VHDVRQV\HDUVODNHVDQGODNHGLVWULFWV 7DEOH6 6DPSOLQJIUHTXHQFLHVUHÀHFWWKHG\QDPLFVRILQGLYLGXDO
parameters and technical/logistical capacities to make these measurements. Complete cation-anion
EDODQFHVDUHGHWHUPLQHGTXDUWHUO\DWVSULQJRYHUWXUQPD[LPXPVXPPHUVWUDWL¿FDWLRQIDOORYHUWXUQDQG
ZLQWHU VWUDWL¿FDWLRQ 0DFURSK\WH GLVWULEXWLRQ DQG DEXQGDQFH ¿VKHV DEXQGDQFH OHQJWKVZHLJKWV DQG
FRPPXQLW\ VWUXFWXUH  FUD\¿VK EHQWKLF LQYHUWHEUDWHV DQG JURXQGZDWHU FKHPLVWU\ DUH VDPSOHG DQQXDOO\
We will add zebra mussels in Lake Mendota to this list in 2020. Lake attributes that are more variable
over time (nutrients, pH, and inorganic and organic carbon) are sampled at multiple depths every 2 or 4
weeks, depending on the lake and variable, during the open water period, and every 5 weeks under ice as
conditions permit. Temperature, dissolved oxygen (DO), chlorophyll a, light penetration, and abundance
and composition of phytoplankton and zooplankton are similarly sampled once under ice and 5 times during
the open-water season. Groundwater levels are measured monthly.
We maintain high-frequency sensing platforms (‘buoys’) on 5 of the primary NHLD lakes and 1 YLD
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Figure 2. The North Temperate Lakes LTER study areas in the Northern Highland Lake District (NHLD) and the Yahara Lake District
(YLD), Wisconsin. Locations of the 7 core NHLD and 4 core YLD lakes (standard font) along with selected secondary study lakes
(italics font) are indicated in the inset maps on the right.
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lake (Mendota) to monitor temperature throughout the water column and near-surface DO. Summer buoys
deployed during the open-water season on Trout and Sparkling Lakes in the north also include sensors for
near-surface dissolved CO2 and conductivity, as well as meteorological variables and atmospheric CO2 above
the water surface. The Lake Mendota buoy is equipped with a weather station and sub-surface sensors for
DO, dissolved CO2, chlorophyll, phycocyanin, conductivity, pH, fDOM, turbidity, and photosynthetically
active radiation. Large summer buoys are removed in the fall as they cannot withstand lake freezing and are
replaced with compact under-ice sensor suites at the same location approximately 1 m below the surface.
These winter installments include similar distributed temperature chains, near-surface DO and light sensors,
plus 2 lakes with near-surface CO2. Both summer and winter buoys have the capacity to support additional
VHQVRUVDQGZHDOVRKDYHSODWIRUPVDYDLODEOHIRUGHSOR\PHQWDVQHHGHGIRUVSHFL¿FSURMHFWV$OOYDULDEOHV
are measured at 1-min intervals except CO2 in the winter when measurements are made at 2-hr intervals
WRFRQVHUYHEDWWHU\SRZHU,QDGGLWLRQWRWKHODNHVHQVLQJSODWIRUPVDOOQRUWKHUQODNHVKDYHZDWHUOHYHO
sensors that measure water levels at 30-min intervals during the open-water season. Finally, we maintain
an automated weather station at the Minocqua Airport 10 km from Trout Lake and use National Weather
Service data from the Dane County Regional Airport (3 km from Lake Mendota). Domain 5 NEON core
and relocatable sites have been established within ~50 km of the NHLD primary study lakes and lake data
VHWVDUHEHJLQQLQJWREHFRPHDYDLODEOHWRDXJPHQWRXURZQREVHUYDWLRQV)LYH'2(VXSSRUWHG$PHULÀX[
WHUUHVWULDOIRUHVWDQGZHWODQGFRUHHGG\FRYDULDQFHÀX[WRZHUVLWHVDUHDOVRORFDWHGQHDU1+/'VWXG\ODNHV
to provide landscape context to regional carbon and water cycling (Desai 2014).
Once each funding cycle, we conduct a survey in the NHLD to characterize long-term lake change across
the region and to complement our regular sampling of the 7 core lakes. The survey includes 28 lakes that
encompass a gradient of lakeshore development (houses/km) and landscape position, and that had been
LQFOXGHGLQSULRUUHJLRQDOVDPSOLQJHIIRUWVEDFNWR¿UVWKLVWRULFDOVWXGLHVRIODNHVLQWKHUHJLRQIURPWKH
V HJ-XGD\ %LUJH 9DULDEOHVLQFOXGHWKHVDPHVXLWHRIZDWHUFKHPLVWU\FROOHFWHGIURPRXU
core study lakes (nutrients, cation/anions, conductivity, chlorophyll a, DO, water temperature). Shoreline
conditions (presence of houses, docks, engineered structures, substrate composition, woody debris,
vegetation cover) are characterized along 8 transects perpendicular to shore and a point-intercept survey is
done to identify and quantify macrophytes.
,QIRUPDWLRQDERXWWKHODQGVFDSHVVXUURXQGLQJRXUVWXG\ODNHVLVUHWDLQHGLQDFRPSUHKHQVLYHJHRJUDSKLF
LQIRUPDWLRQ V\VWHP *,6 7DEOH 6  :H KDYH GHWDLOHG VSDWLDO GDWD RQ ODQG XVHODQG FRYHU LQFOXGLQJ
VWDWHZLGH SUHVHWWOHPHQW YHJHWDWLRQ DQG KLVWRULFDO ODQGXVHODQGFRYHU ¿OHV IURP WKH V V DQG
1990s for selected lakes. We acquire publicly available spatial datasets and remotely sensed images on an
DVQHHGHGEDVLV HJIURP:LVFRQVLQ9LHZRUJ86*61$6$ 
Table 2. Characteristics of the 11 primary NTL study lakes. For each region, lakes are ordered by their landscape position in the
K\GURORJLFÁRZV\VWHPV&U\VWDO%RJ &% 7URXW%RJ 7% &U\VWDO/DNH &5 %LJ0XVNHOOXQJH/DNH %0 6SDUNOLQJ/DNH 63 
$OOHTXDVK/DNH $/ 7URXW/DNH 7/ )LVK/DNH ), /DNH0HQGRWD 0( /DNH:LQJUD :, /DNH0RQRQD 02 
----------------Northern Highland Lake District (NHLD)----------------

------Yahara Lake District (YLD)------

NTL Lake

CB

TB

CR

BM

SP

AL

TR

FI

WI

ME

MO

Area (ha)

0.5

1.1

36.7

396.3

64

168.4

1607.9

87.4

139.6

3937.7

1324

Mean Depth (m)

1.7

5.6

10.4

7.5

10.9

2.9

14.6

6.6

2.7

12.8

8.2

Landscape Position

high

high

high

int

int

low

low

high

high

low

low

pH

5.2

4.8

6.1

7.3

7.4

7.6

7.6

8.1

8.5

8.4

8.4

DOC (mg/L)

9.1

16.8

2

4

3.4

4.3

3.1

7.1

6.9

4.9

4.4

Total P (ug/L)

18

41

8

18

14

32

13

22

32

103

78

Total N (ug/L)

643

885

201

404

341

376

233

862

932

814

866

Secchi Depth (m)

1.6

1.1

7.5

6.7

6.2

3.1

4.7

2.7

1.2

3

2.7

Cholorphyll (ug/L)

8.8

16.6

1.8

2.9

2.2

7.6

3.1

6

10.3

6.7

9.2
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Models- NTL has a long tradition of ecological modeling that will continue in the next cycle. Central to
these efforts are a suite of numerical simulation models that provide multi-dimensional representation of
integrated terrestrial processes and connect with global-scale climate and land-use processes. The models
have their foundations in physical and biogeochemical principles from aquatic, terrestrial, and atmospheric
VFLHQFHV (DFK KDV JDLQHG EURDG DFFHSWDQFH LQ WKHLU UHVSHFWLYH ¿HOGV DQG DV VXFK SURYLGHV D EDVLV IRU
research, student training, and collaborations among research projects that extend beyond NTL, and a
framework for integration of aquatic ecological models into larger-scale Earth system models and modeldata informatics infrastructure. Here, we provide very brief overviews of these models.
GLM-AED2 (general lake model with aquatic ecodynamics) simulates in the vertical dimension lake
hydrodynamics and water quality (Hipsey et al. 2019) and is suitable for a wide range of lakes and
UHVHUYRLUVLQFOXGLQJVKDOORZ ZHOOPL[HG DQGGHHS VWUDWL¿HG V\VWHPV,QDGGLWLRQWRVROYLQJZDWHUDQG
energy budgets, water quality modules enable mass balance modeling of nutrients, carbon, and dissolved
JDVHV*/0$('XVHVREVHUYHGLQÀRZRXWÀRZGDWDDQGPHWHRURORJLFDOGDWDDQGODNHVSHFL¿FSK\VLFDO
features, such as morphometry and geo-location to drive system dynamics. GLM-AED2 is a community
model, with lead developers at the University of Western Australia and an oversight committee that includes
17/3,V+DQVRQDQG'XJDQ
Agro-IBIS simulates plant growth, phenology, and soil-plant-atmosphere cycling of water, energy,
PRPHQWXP&1DQG3LQQDWXUDODQGPDQDJHGHFRV\VWHPV,WKDVEHHQH[WHQVLYHO\XVHGDFURVVWKH86
to understand impacts of changing land management and climate on ecosystem services, particularly for
IRUHVWVJUDVVODQGDQGSUDLULHDQGDYDULHW\RIDJURHFRV\VWHPVDQGFURSV 9DQ/RRFNHHWDO
 $JUR,%,6 ZDV EXLOW RQ WKH ,QWHJUDWHG %LRVSKHUH 6LPXODWRU ,%,6  PRGHOLQJ IUDPHZRUN DQG KDV
been evaluated (Kucharik 2003), applied, and updated repeatedly in the past decade. Recently, three
VLJQL¿FDQWPRGL¿FDWLRQVWR$JUR,%,6ZHUHPDGH  :HLQWHJUDWHGWKHYDULDEO\VDWXUDWHGVRLOZDWHUÀRZ
model Hydrus-1D to simulate groundwater-vegetation interactions and effects of shallow groundwater on
unsaturated zone processes (Soylu et al. 2014). (2) We added biogeochemical cycling of P and P loss to
UXQRII 0RWHZHWDO EDVHGRQWKH6XU3KRVPRGHO 9DGDVHWDO   2XU¿QDO
PRGHOLQJDGYDQFHZDVLQFRUSRUDWLQJ$JUR,%,6DVDPRGXOHZLWKLQWKH86*60RGXODU*URXQGZDWHU)ORZ
Model (MODFLOW; Harbaugh 2005) to form a complete modeling approach of critical zone processes
(Zipper et al. 2017b), which are often ignored in ecosystem models.
:HLQWHJUDWH$JUR,%,6ZLWKDSK\VLFDOO\EDVHGK\GURORJLFURXWLQJPRGHOTHMB (Terrestrial Hydrology
Model with Biogeochemistry) to simulate temporal variability of in-channel transport of water, sediment,
DQG QXWULHQW 1 3  ORDGV IURP WKH ODQG VXUIDFH DQG VXEVXUIDFH VLPXODWHG E\$JUR,%,6 7KLV FRXSOHG
hydrologic-biogeochemical system has been used to quantify lake level change (Chen et al. 2019) and
3WUDQVSRUWDQGHXWURSKLFDWLRQ &DUSHQWHUHWDO 7KHVHGLPHQWPRGXOHLVEDVHGRQD¿QHVHGLPHQW
transport model in Patil et al. (2012). The P module includes transport of dissolved and particulate P, which
have different physical in-channel processes. The in-channel process functions are based on a nutrient
PRELOL]DWLRQDQGWUDQVSRUWPRGHOLQ9LQH\HWDO  DQGODNHOHYHOUHJXODWLRQLVEDVHGRQHTXDWLRQV
from Chow et al. (1988).
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RESEARCH QUESTIONS, HYPOTHESES, AND APPROACHES

Q1. What are lake phenological responses to a warmer and more variable climate that may lead to
abrupt ecological change?
Phenology, the annual timing of biological events, is consequential to nearly all biological processes, from
FHOOXODUDQGJHQHWLFWRFRPPXQLWLHVDQGHFRV\VWHPV )RUUHVW 0LOOHU5XVKLQJ DQGWKHVHSURFHVVHV
DUHQRZEHLQJLQÀXHQFHGE\DZDUPLQJDQGPRUHYDULDEOHFOLPDWH/DQGPDUNVWXGLHVLQWHUUHVWULDOHFRORJ\
KDYH VKRZQ ORQJWHUP VKLIWV LQ SKHQRORJ\ LQ SODQW ÀRZHULQJ DQG IUXLWLQJ 6KHUU\ HW DO   OHDIRXW
DQGFDQRS\FRYHU 9LWDVVHHWDO DQGEUHHGLQJ )RUFKKDPPHUHWDO DOOGULYHQE\GLUHFWLRQDO
FOLPDWHWUHQGV,QDGGLWLRQWRJUDGXDOFKDQJHFOLPDWLFH[WUHPHVVXFKDVGURXJKWFDQDEUXSWO\VXSSUHVV
SODQWSKHQRORJLHVDQGOHDGWRORVVRIHFRV\VWHPUHVLOLHQFH 0DHWDO ,QDTXDWLFHFRORJ\WKHUHVSRQVHV
of lakes and their biota to rapid and variable phenological perturbations caused by climate change is less
understood.
The ecology of north temperate lakes is characterized by a seasonal sequence of climatically driven abiotic
events that in turn regulate biological phenology. Following ice-off at the end of winter, lakes warm, become
isothermal and mix, then begin to thermally stratify. These physical phenomena trigger productivity, growth,
UHSURGXFWLRQDQGWURSKLFLQWHUDFWLRQVWKDWGH¿QHDKLVWRULFDOO\SUHGLFWDEOHVXFFHVVLRQRIFRPPXQLWLHVDQG
species interactions (Sommer et al. 2012). Warming is leading to earlier ice-off (Magnuson et al. 2000) and
FKDQJLQJVSULQJVWUDWL¿FDWLRQ HJ0DJHH :XE0RUDVHWDO ZKLFKFDQDOWHUSK\WRSODQNWRQ
EORRPSKHQRORJ\ :LQGHU 6FKLQGOHU DQG¿VKVSDZQLQJ /\RQVHWDO $VWKLVZDUPLQJWUHQG
continues, thousands of lakes at the southern extent of winter ice cover zones are now (Likens 2019) or
will soon experience a rapid shift to an intermittent ice regime (Jensen et al. 2007; Sharma et al. 2019). At
the same time, lakes in the Great Lakes Region are also experiencing a rapid increase in variability in the
timing of ice-off (Fig. 3). We have limited understanding of the consequences for lake ecosystems, and we
cannot use space-for-time substitution, because ecosystem history matters. The current ecosystem states
and contingencies are the product of climate conditions that have been relatively stable for millennia. Thus,
it is critical to begin developing a better understanding of how the timing and magnitude of seasonal events
in lakes (i.e., lake phenology) are responding to change. What is likely to shift, what abrupt changes might
we expect, and what is at risk of collapsing? Advancing understanding of phenological change requires
ORQJWHUP GDWD .KDURXED HW DO  7KDFNHUD\ HW DO  6WHQVHWK  0\VWHUXG   DQG ZH DUH
well positioned to study phenological change across multiple levels of biological organization. Ongoing
climate changes present us with an opportunity to examine how phenology may shift in response to changes
in variability and in the long-term mean of ice duration and consider the abrupt changes to ecosystem
dynamics that may arise. To this end, we focus on: (1) Phenological mismatches that can occur when the
seasonal dynamics of interacting species change independently, and (2) hypolimnetic hypoxia that threatens
WRFURVVWKHWKUHVKROGRIDQR[LDDEUXSWO\UHGXFLQJODNHZDWHUTXDOLW\DQG¿VKKDELWDW
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Q1.1. How can year-to-year variability in ice-off
(i.e., whiplash events) lead to abrupt changes in
populations and communities in lakes?
At the community level, phenological mismatch occurs
when the seasonal dynamics of interacting species
change independently in a way that alters the magnitude
or occurrence of their interaction (Cushing 1990;
:LQGHU  6FKLQGOHU   'LYHUVH FRPPXQLWLHV ZLWK
robust multi-species food webs, generalist consumers,
genetic diversity, and phenotypic plasticity are resilient
to incidences of phenological mismatch (reviewed in
Donnelly et al. 2011). However, highly variable climate
conditions on annual or shorter time scales (i.e., whiplash
events) may magnify the potential for trophic mismatch
because demographic, evolutionary, and metacommunity dynamics have less time to compensate and thus
overwhelm the ‘ecological buffering’ and ‘evolutionary rescue’ (Gienapp et al. 2014) capacities inherent
in natural systems. Ultimately, decreased environmental predictability can drive species locally extinct and
cause annual selective sweeps that degrade the genetic diversity of populations (Pauls et al. 2013).
Phenological mismatch is often studied as a species-species interaction but is likely to act among numerous
interacting species and at multiple trophic levels (Both et al. 2009; Walther 2010). Accumulated mismatches
may alter cascading trophic dynamics and cause abrupt ecosystem change. These mismatches may be more
probable amid rapid shifts in the timing of key phenological events (e.g., ice-off; Fig. 3). For example,
a whiplash event of >50-day difference in spring ice off occurred between 2012 and 2013 and changed
demographic and growth dynamics for organisms at multiple trophic levels across NTL lakes (Fig. 4).
Primary productivity (data not shown) and zooplankton diversity peaked earlier in the growing season. For
¿VKJURZWKUDWHVRI\HOORZSHUFK 3HUFDÀDYHVFHQV correlated strongly with changes in ice-off date while
H[WUHPHO\HDUO\RUODWH\HDUVGHFUHDVHGZDOOH\HJURZWKUDWHV :,'15GDWD ZKLFKZHK\SRWKHVL]HLVD
consequence of a prey mismatch or mistiming. This preliminary analysis leads to the following hypotheses:
Hypotheses: H1.1a: Abrupt changes in ice-off timing will increase the probability of phenological
mismatches across trophic levels. H1.1b: Simultaneous multi-level mismatch will magnify ecosystem level
impacts. H1.1c: Lakes with heterogeneous habitats, diverse communities and higher productivity will
be more resilient/resistant to trophic mismatch. H1.1d: Extreme early or late ice-off years will lead to
lower population genetic diversity than years with average ice-off dates. H1.1e: Repeated whiplashes over
consecutive years will act cumulatively to reduce genetic diversity more than singular extremes.
Approach: Using 40 years of NTL data from our 7 northern study lakes, we will examine how changes in
FOLPDWHYDULDELOLW\KDYHGULYHQVHDVRQDODELRWLFFKDQJH HJWKHWLPLQJRILFHRIIODNHVWUDWL¿FDWLRQ DQG
examine the subsequent phenological implications for biota. Biological investigations will leverage 40-70
\HDUVRIKLVWRULFDOVDPSOHV SK\WRSODQNWRQ]RRSODQNWRQDQG¿VKVFDOHV WKDWKDYHEHHQDUFKLYHGE\17/
DQGWKH:,'151RUWKHUQ+LJKODQG)LVKHU\5HVHDUFK$UHDZLWKQHZKLJKUHVROXWLRQVHDVRQDOVDPSOLQJRI
(VFDQDED/DNH DQHZ17/VHFRQGDU\VWXG\ODNHLQSDUWQHUVKLSZLWK:,'15VHH)LJ (DFKVSULQJ:,
'15TXDQWL¿HVVSDZQLQJSKHQRORJ\DQGUHFUXLWPHQWIRUVHYHUDOVSHFLHVRI¿VKHPSKDVL]LQJNH\JDPH¿VK
species. Sampling includes determination of individual age, length, weight, trophic position determination,
DQGFROOHFWLRQRIVDPSOHVIRUJHQHWLFDQDO\VLV,QGLYLGXDO¿VKDUHWDJJHGDQGPDUNHGLQRUGHUWRHVWLPDWH
SRSXODWLRQ VL]HV DQG WUDFN LQGLYLGXDO ¿VK WKURXJK WLPH :H ZLOO VXSSOHPHQW WKHVH HIIRUWV ZLWK ZHHNO\
phytoplankton and zooplankton sampling throughout the open water period, starting immediately after
ice-off. The increased frequency of sampling will provide the necessary data to identify seasonal dynamics
in these communities including when and at what trophic levels phenological mismatches or mistimings
are occurring. Three all-year high-frequency sensor sets will be installed in different regions of the lake
14

(deep hole, shallow bays) that include depthdistributed temperature, DO, and light sensors to
quantify temporal and spatial variability in these
dynamics.
Hypotheses associated with genetic diversity
will be tested by extracting and analyzing DNA
from archived zooplankton samples (Wandeler et
DO DQG¿VKVFDOHV :DVNRHWDO )RU
zooplankton, we will focus on Daphnia because
they are a model evolutionary system with a fully
published genome, >500 known microsatellite
UHJLRQV &ROERXUQH HW DO   DQG LGHQWL¿HG
functional gene regions associated with thermal
change (Jansen et al. 2017). New zooplankton
DQG ¿VK JHQHWLF PDWHULDO ZLOO EH FROOHFWHG DQG
preserved for ongoing analyses as part of the
proposed sampling efforts described above.
Changes in allele frequencies and heterozygosity
RIPXOWLSOHJHQHUHJLRQV :DLWV 6WRUIHU 
will be used to compare neutral and adaptive
changes in population structure between early
and late ice-off years.
Q1.2. In what ways do warming trends, variable meteorological drivers, and OM legacies interact
and lead to intermittent hypoxia or abrupt anoxia in lakes?
7KHUPDOVWUDWL¿FDWLRQDQGWZLFHDQQXDOPL[LQJ GLPL[LV LVDGH¿QLQJSKHQRORJLFDOFKDUDFWHULVWLFRIPDQ\
ODNHVLQWHPSHUDWHODWLWXGHV+\SROLPQHWLF ERWWRPOD\HU ZDWHUVLQVWUDWL¿HGODNHVDUHLVRODWHGIURPWKH
atmosphere and often have negative net ecosystem production that leads to oxygen depletion. Many lakes
have complete loss of oxygen (i.e., anoxia) at the sediment-water interface near the lake’s maximum depth.
,IDQR[LDH[SDQGVWRWKHIXOOH[WHQWRIWKHK\SROLPQLRQWKHODNHHQWHUVDQXQGHVLUDEOHUHJLPHLQZKLFK
nutrient cycling accelerates and promotes harmful algal blooms (Schindler et al. 2016), release of toxic
PHWDOVIURPVHGLPHQWV 6WXPP 0RUJDQ DQGGLVDSSHDUDQFHRIR[\WKHUPDOKDELWDWUHTXLUHGE\
GHVLUDEOHFROGZDWHU¿VKVSHFLHV GHVFULEHGLQ5HVXOWVRI3ULRU)XQGLQJ 7KLVDEUXSWWUDQVLWLRQRIDODNH¶V
hypolimnion to anoxia depends on organic matter (OM) availability for microbial respiration, ambient
FRQGLWLRQVJRYHUQLQJPLFURELDODFWLYLW\DQGWKHVWUHQJWKDQGGXUDWLRQRIWKHUPDOVWUDWL¿FDWLRQ 0OOHUHWDO
2019). Hypolimnetic OM availability depends on a balance of allochthonous OM loads, autochthonous OM
production mediated by P loads (Hanson et al. 2004;0OOHUHWDO DQGWKHSK\VLFDODQGELRORJLFDO
conditions that determine the fraction of OM that remains in lake storage (Hanson et al. 2014). Stored OM
RU³OHJDF\20´ KDVDQDGGLWLRQDODQGLQVLGLRXVHIIHFW: it supports anoxic conditions, which slows OM
mineralization (Bastviken et al. 2003) and increases water column stability by decreasing water clarity
)HHHWDO6QXFLQV *XQQ WKXVSURYLGLQJLQWHUQDOIHHGEDFNVWKDWOLNHO\VWDELOL]HWKHDQR[LF
UHJLPH &OLPDWH GULYHV DQR[LD WKURXJK LWV GLUHFW HIIHFWV RQ VWUDWL¿FDWLRQ DQG LWV LQGLUHFW HIIHFWV WKURXJK
QXWULHQWDQG20ORDGV 1HOOLJDQHWDO ,QDFOLPDWHZLWKDZDUPLQJWUHQGDQGLQFUHDVHGYDULDELOLW\
lakes that experience early ice-off or years when ice does not form at all may cross the threshold into anoxia
IRUWKH¿UVWWLPH )LJ 
Hypotheses: Lakes that experience earlier ice-off dates coupled with H1.2a increases in allochthonous OM
loading, H1.2b nutrient loading, and/or H1.2c enhanced OM carry-over between years are susceptible to
an abrupt change to an anoxic regime.
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Approach: We will address this question through modeling studies of
KLVWRULFDOGDWDDQG¿HOGFDPSDLJQV)LHOGFDPSDLJQVDUHQHHGHGWREHWWHU
quantify spring conditions and will be coupled with depth-discrete oxygen
sensor deployments that provide high-frequency oxygen data throughout
the water column. Currently, NTL buoys only measure epilimnetic oxygen.
Hypolimnetic data are needed to understand biogeochemical conditions at
WKHRQVHWRIVWUDWL¿FDWLRQDQGIRUPRGHOFDOLEUDWLRQ%XLOGLQJRIIFXUUHQW
implementation in Lake Mendota, GLM-AED2 modeling will be applied
to NTL lakes (AL, BM, CR, SP, TL; see Table 2) to investigate gradients
LQERWKDQR[LDDQGLWVGULYHUV 6QRUWKHLPHWDO 4XDQWL¿FDWLRQRI
energy budgets will enable us to determine the importance of changing
ice-off dates due to warming trends and variable spring weather to onset
DQGSHUVLVWHQFHRIWKHUPDOVWUDWL¿FDWLRQ*/0$('ZLOODOVREHXVHGWR
model time dynamics of coupled nutrient and OM cycles, leading to a better
understanding of allochthony and autochthony and their contributions to
the hypolimnetic OM pool. Long-term data and modeling will enable us
to determine the legacy effects of nutrient and OM loads from previous seasons and years, as well as the
importance of antecedent winter conditions. A detailed mechanistic understanding of lakes will untangle
FRPSOH[LQWHUDFWLRQVWKDWUHODWHDQR[LDWRODNHSKHQRORJ\)RUH[DPSOHWKHGDWHRIRQVHWRIVWUDWL¿FDWLRQDV
ZHOODVWKH'2FRQGLWLRQVDWWKDWWLPHKDYHDVWURQJLQÀXHQFHRQDQR[LDGXUDWLRQ
We will use the natural gradient in summer oxic conditions among the NTL lakes to focus on systems that
may switch from perennial oxic to intermittently anoxic, such as AL, and from intermittently to permanently
anoxic, such as CR. We can then extend our understanding of drivers of anoxia to Midwest lakes to explore
the probability of abrupt change in oxygen conditions in lakes regionally. Regional lake modeling will be
implemented by building parsimonious lake oxygen models informed by NTL research, forced by thermal
VWUDWL¿FDWLRQPRGHORXWSXWGLVWULEXWHGE\86*6FROODERUDWRUVDQG¿WWRUHJLRQDOVFDOHR[\JHQDQGZDWHU
quality data available through the USGS/EPA Water Quality Portal (Read et al. 2017) and the LAGOS
database (Soranno et al. 2017).

Q2. How do interactions of land use/land cover and climate change affect urban aquatic ecosystems?
8UEDQODQGVFDSHG\QDPLFVFUHDWHKRWVSRWVRIK\GURORJLFDFWLYLW\ 9RWHU /RKHLGH WKDWLQÀXHQFHWKH
quantity, quality, and timing of water runoff, largely because of connections between pervious and impervious
VXUIDFHV9DULDWLRQLQWKHDPRXQWDQGVSDWLDOFRQ¿JXUDWLRQRIFRPPHUFLDOGHYHORSPHQWUHVLGHQWLDODUHDV
and urban greenspaces within cities is striking (Cadenasso et al. 2007), and Greater Madison is no exception.
Furthermore–and with direct consequences for the lakes–urban stormwater management evolved from
early reliance on informal green infrastructure (i.e., natural and semi-natural vegetation, including parks,
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wetlands, yards, and street trees) to dependence on gray infrastructure (e.g., storm sewers, stormwater
GHWHQWLRQSRQGV LQ¿OWUDWLRQEDVLQV  *UHDWHU0DGLVRQ LQFOXGHV !  XUEDQ SRQGV PRVW RI ZKLFK ZHUH
designed to manage stormwater by reducing runoff. These ponds receive inputs from local sub-catchments
DQGXOWLPDWHO\GUDLQWRWKH<DKDUDODNHV )LJ 7KHODNHVDUHDOVROLNHO\LQÀXHQFHGE\WKHHQHUJ\EDODQFH
RIWKHXUEDQKHDWLVODQG 8+, DQGERWKLQWHQWLRQDODQGXQLQWHQWLRQDOFKDQJHVLQJUHHQLQIUDVWUXFWXUHZLWKLQ
the urban landscape. As annual precipitation and the frequency of extreme rainfall events increases (Fig.
 XUEDQ/8/&LVH[SHFWHGWRLQÀXHQFHWKHOLNHOLKRRGRIDEUXSWHFRORJLFDOFKDQJH+HUHZHSURSRVHWKUHH
initiatives aimed at understanding (1) the state and function of urban ponds, (2) the interacting effects of
urban LULC and climate on temperature and hydrology, and (3) how these suites of changing drivers can
interact to amplify or dampen changes in lakes and ecosystem services in the Yahara basin.
Q2.1. How do interacting drivers affect urban pond states and their capacity to supply ecosystem
services?
The network of >300 urban ponds (pondscape, sensu Hill et al. 2018) in Greater Madison was constructed
SULPDULO\IRUÀRRGPLWLJDWLRQDQGUHWHQWLRQRIQXWULHQWVDQGSROOXWDQWV0DQ\RIWKHVHZDWHUERGLHVDUHOLQNHG
to the Yahara lakes and likely play important but underappreciated roles in nutrient loading, greenhouse
JDV *+* ÀX[HVÀRRGDWWHQXDWLRQKDELWDWSURYLVLRQLQJFRQVHUYDWLRQRIQDWLYHVSHFLHVDQGH[SDQVLRQRI
invasive species. Shallow lakes and ponds were central to advancing understanding of alternative ecosystem
VWDWHV &KDVH6FKHIIHU YDQ1HV \HWOLWWOHUHVHDUFKIRFXVHVRQKRZXUEDQ/8/&FDQGULYH RU
mediate) shifts between states (Fig. 8). Pond characteristics that have potential to confer resilience to abrupt
FKDQJHV±LQFOXGLQJYROXPHGHSWKDJHZDWHUOHYHOÀXFWXDWLRQVDQGFRPPXQLW\FRPSRVLWLRQ±YDU\GXHWR
the unique histories and water management objectives of individual ponds (Hassall 2014). Because many
urban ponds are intended to slow surface runoff, they accumulate sediments, nutrients, and carbon, creating
favorable conditions for biogeochemical transformations (e.g., Schroer et al. 2018; Frost et al. 2019). This
hotspot character of urban ponds can be manifested as high areal emission rates of GHGs (CO2, CH4, N2O)
WKDWFROOHFWLYHO\PD\DFFRXQWIRUDVXEVWDQWLDOEXWSRRUO\TXDQWL¿HGVRXUFHRIDQWKURSRJHQLF*+*VWRWKH
atmosphere (Grinham et al. 2018). Recognition of this hotspot behavior is recent (van Bergen et al. 2019),
variability in process rates is not well explained by habitat (Blasczak et al. 2018), and temporal dynamics
have yet to be considered.
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$V D ¿UVW VWHS WRZDUG XQGHUVWDQGLQJ YDULDWLRQ
in the structure and function of urban ponds
and their role in the Yahara basin, we surveyed
97 Madison-area ponds in 2019. From this,
ZH LGHQWL¿HG DW OHDVW IRXU GLVWLQFW VWDWHV )LJ
8) differentiated by their dominant primary
SURGXFHUV ÀRDWLQJ SODQWV PRVWO\ GXFNZHHG
[Lemna sp.]), submerged macrophytes (e.g.,
nonnative Parrot Feather [Myriophyllum
aquaticum]), emergent vegetation (nonnative
cattails and reeds [Typha and Phragmites]),
or phytoplankton (especially cyanobacteria).
However, it is unclear if these are truly
alternative states with abrupt, non-linear shifts
DPRQJ FRQ¿JXUDWLRQV RU LI SRQG FRQGLWLRQV
change gradually, or simply vary over time.
Changes in ecosystem services and biodiversity
can stem from shifts between aquatic ecosystem
states (Hilt et al. 2017), yet this linkage remains
largely unexplored for urban ponds (Gómez-

UW Arboretum:
Stormwater
Flow Map
64

Stormwater inflow (number indicates
average annual runoff in acre-feet)
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Figure 6. Map of YLD primary study lake, Lake Wingra in Madison
showing 12 stormwater ponds showing flow paths in and out of the
ponds (yellow arrows) and inflow volumes (orange arrows), which
reflect surrounding land cover and connectivity to stormwater
infrastructure. These ponds are at the interface of
residential/commercial zones and a large urban greenspace, the
UW-Madison Arboretum.
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%DJJHWKXQHWDO'RKHUW\HWDO GHVSLWHLWVZRUOGZLGHVLJQL¿FDQFH %R\HU 3RODVN\ 
Hypotheses: We expect urban LULC to affect the magnitude and frequency of extrinsic drivers of pond
FKDQJH ZKLOH SRQG FKDUDFWHULVWLFV PHGLDWH HFRORJLFDO UHVSRQVHV WR WKHVH GULYHUV 6SHFL¿FDOO\ H2.1a:
spatial and temporal variation in pond states increase with impervious land cover via effects on stormwater
inputs and dispersal barriers, and H2.1b: increases in pond volume, age, and community complexity
LQFOXGLQJVSHFLHVULFKQHVV UHGXFHYDULDQFHLQSRQGVWDWHVDQGUHVXOWLQJHFRV\VWHPVHUYLFHVE\HQKDQFLQJ
resilience to abrupt change. For GHG emissions, especially N2O and CH4. H2.1c:*+*SURGXFWLRQHIÀX[
only happens after ponds accumulate a store of sedimentary material to support these processes because
sediments provide the anoxic environment and OM needed to generate these gases. Alternatively, H2.1d:
GHGs emissions are high soon after pond construction in association with rapid decomposition of disturbed
VRLO20WKHQODWHUDUHDIXQFWLRQRISK\WRSODQNWRQDEXQGDQFH %HDXOLHXHWDO RUDOORFKWKRQRXV20
LQSXWV YDQ%HUJHQHWDO DIWHUWKLVLQLWLDOEXUVW
Approach: We will initiate a long-term ‘Urban Pond Observatory’ by sampling ~30 ponds that vary in age
and surrounding LULC. Research activities described below will be used to inform the development of a
pond survey protocol that will be repeated on an annual basis in subsequent years. For hypothesis testing,
we will quantify intra- and inter-annual shifts in biotic and abiotic pond parameters predicted to characterize
the 4 ecosystem states described above. Communities will be tracked using standard NTL methods
IRFXVLQJRQSK\WRSODQNWRQPDFURSK\WHV]RRSODQNWRQEHQWKLFLQYHUWHEUDWHVDQG¿VKHV DOWKRXJKVRPH
PRGL¿FDWLRQIRUSRQGVDPSOLQJLVH[SHFWHG:HZLOOPHDVXUH*+*ÀX[HVZHHNO\GXULQJLFHIUHHSHULRGV
for a sub-set of ponds that vary in state and age using ÀRDWLQJFKDPEHUVDORQJZLWKEXEEOHWUDSVDQGEXEEOH
VDPSOLQJWRFDSWXUHHEXOOLWLYHÀX[IROORZLQJPHWKRGVRI&UDZIRUG 6WDQOH\  $VPDFURSK\WHVJURZ
DGGLWLRQDO ÀX[ PHDVXUHPHQWV ZLOO EH PDGH WR FDSWXUH ÀX[HV IURP HPHUJHQW DQG ÀRDWLQJOHDYHG SODQWV
Dissolved gas samples will be collected using headspace equilibration techniques and analyzed by gas
chromatography. We will quantify both the means and variance of predicted drivers of change, including
LQÀRZVWRUPZDWHUFKHPLVWU\DQGH[WUHPHSUHFLSLWDWLRQHYHQWVDQGPRGHOHGFDUERQZDWHUDQGQXWULHQW
ÀRZVIURPHDFKSRQGVKHG$IWHUFKDUDFWHUL]LQJSRQGVWDWHV HJ6PLWK WKHPDJQLWXGHRIVSDWLDO
and temporal variation in pond states will be evaluated relative to extrinsic and intrinsic drivers. We will
also leverage existing NTL data on a subset of Madison ponds collected over two decades ago, allowing for
ORQJHUWHUPFRPSDULVRQVZLWKVSHFL¿FELRWLFYDULDEOHVLQFOXGLQJ]RRSODQNWRQFRPSRVLWLRQ 'RGVRQ 
Q2.2. How do interactions of urban LULC, climate trends, and extreme rainfall events affect
temperature and hydrology in the Yahara basin?
Cities differ climatologically and hydrologically from their surrounding rural areas because impervious
surfaces in cities increase runoff, and the built environment absorbs and retains more heat than the natural
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Observed
Pond State

Potential for Abrupt Change

Interacting Drivers and
Historical Ecosystem Context

landscape it replaced (Oke 1982).
Climate, Extreme Weather Events, and Canopy Change from EAB
As impervious surfaces increase,
air temperature, runoff, urban
ÀRRGLQJ ODNHOHYHO ÀDVKLQHVV
and nutrient delivery to urban
lakes also increase (Usinowicz
Urban Land Use/Land Cover
et al. 2017). However, formal
Ecosystem Age, Size, and Pre-existing Community Structure
and informal green infrastructure
can mitigate urban heat (Ziter
et al. 2019), reduce water and

air pollution (Nowak et al.
2014; Denman et al. 2016),
Cyanobacteria
Submerged Macrophytes
Emergent Vegetation
Floating Plants
and improve overall human
health (Patz et al. 2005; Hartig Figure 8. The network of ponds in the Madison area exists in a hetero-geneous
 .DKQ   &RQWHPSRUDU\ landscape of high density commercial development, suburban neighborhoods, and
greenspaces. Shifts in canopy cover, rapid urban growth, and climate are hypothesized
urban stormwater management WRMRLQWO\LQÁXHQFHXUEDQDTXDWLFHFRV\VWHPFKDQJH3RWHQWLDOIRUFKDQJHVZLOOEH
practices encourage more use mediated by local ecosystem properties, including pond age, depth, and pre-existing
composition. Observed pond states include dominance by nonnative
of formal green infrastructure community
VXEPHUJHGPDFURSK\WHVHPHUJHQWYHJHWDWLRQÁRDWLQJSODQWVRUF\DQREDFWHULDZKLFK
(e.g., green roofs, bioswales, rain in turn affect ecosystem service provisioning and inputs to the downstream Yahara
gardens; Rosenzweig et al. 2018), Lakes. Ponds in the lower panels are outlined in orange in the upper panels.
and such features are increasing in the Yahara basin. At the same time, however, abrupt declines in the urban
tree canopy are underway. As in many other regions, ash trees (Fraxinus spp.) were planted in green spaces
and along Madison streets as the city grew. These trees are now being decimated by an invasive pest, the
emerald ash borer ($JULOXVSODQLSHQQLV($% , and 22% (22,000) of Madison’s street trees are at immediate
risk (City of Madison 2019). Abrupt changes in temperature or hydrology may occur if thresholds of canopy
cover are surpassed, e.g., summer air temperature declines nonlinearly with increasing tree canopy cover
and increases nonlinearly with impervious surface cover (Ziter et al. 2019). However, the combinations
of urban LULC, climate, and green infrastructure that are associated with gradual vs. abrupt change in
temperature, hydrology and ecosystem services are not clear.
We suggest that both intentional additions and unintentional losses of urban green infrastructure mediate
ecosystem vulnerability to effects of climate change and that LULC patterns developed under historical
FOLPDWHPD\ORVHWKHLUHI¿FDF\ZKHQFRQIURQWHGZLWKQRYHOZHDWKHU LHH[WUHPHHYHQWV 7KDWLVH[WUHPH
HYHQWVPD\H[FHHGWKHFDSDFLW\RIWKHXUEDQODQGVFDSHWRUHGXFHÀRZVDQGUHWDLQH[FHVVUXQRII:HH[SHFW
greater hydrological connectivity to increase the likelihood of abrupt change in urban aquatic ecosystems,
LQFOXGLQJWKHQHWZRUNRIVWRUPZDWHUSRQGV *RRQHWLOOHNHHWDO3HQQLQRHWDO<DQJ /XVN
2018). Thus, we will test the following hypotheses:
Hypotheses: H2.2a: LULC patterns that reduce connectivity of impervious surfaces and maximize green
LQIUDVWUXFWXUHZLOOPRGXODWHDLUWHPSHUDWXUHPLQLPL]HÀRRGLQJDQGVXVWDLQXUEDQZDWHUTXDOLW\ H2.2b:
There are thresholds in precipitation intensity beyond which green and gray infrastructure will fail to
UHGXFHÀRRGLQJÀDVKLQHVVDQGQXWULHQWGHOLYHU\WRGRZQVWUHDPZDWHUERGLHV Rapid declines in the urban
tree canopy may amplify climate effects, and thus we hypothesize: H2.2c: Abrupt reductions in the urban
WUHHFDQRS\ GXHWR($% ZLOOH[DFHUEDWHWKH8+,HIIHFWDQGLQFUHDVHUXQRIIGXHWRUHGXFHGWUDQVSLUDWLRQ
and interception.
Approach: We will elucidate effects of variability in urbanization and green infrastructure within subFDWFKPHQWVRQWKHHQHUJ\EDODQFHK\GURORJ\DQGPDWHULDOÀX[HVRISRQGFDWFKPHQWV7ROLQNSUHFLSLWDWLRQ
HYHQWVORFDO/8/&DQGXUEDQK\GURORJLFDOUHVSRQVHVZHZLOOPRQLWRUWKHÀDVKLQHVVRIVWRUPZDWHULQÀRZV
to the core set of 30 urban ponds (see above). Stormwater monitoring will use data loggers to record water
temperature and water level to characterize differences in hydrologic responses among sub-catchments
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(Doherty et al. 2014). We will characterize stormwater chemistry (total suspended solids, nutrients, chloride,
and heavy metals) using automated systems that collect temporal samples over the course of precipitation
events; chemical analyses will follow established NTL protocols. Local LULC within the sub-catchment
RIHDFKSRQGZLOOEHTXDQWL¿HGZLWKDHULDOLPDJHVIRFXVLQJRQK\SRWKHVL]HGOLQNVEHWZHHQVKLIWLQJWUHH
canopy cover (due to EAB induced losses) and air/surface temperature, urban greenspaces, and impervious
VXUIDFH FRQQHFWLYLW\ ,Q FRQMXQFWLRQ ZLWK GHWHUPLQLQJ XUEDQ SRQG VWDWHV ZH ZLOO TXDQWLI\ UHODWLRQVKLSV
between the strength and frequency of drivers (e.g., precipitation events) and the magnitude and rate of
aquatic ecosystem responses.
To quantify effects of urban LULC change and canopy declines due to EAB on air temperature, we will
FRQWLQXHFROOHFWLQJDLUWHPSHUDWXUHGDWDDVSDUWRIRXUORQJWHUP8+,UHVHDUFK2XUPRQLWRULQJQHWZRUN
of 150 temperature/humidity sensors is described in the Results of Prior Research section and has been in
SODFHVLQFH0DUFK 6FKDW] .XFKDULN 7KHVWDWLRQDU\QHWZRUNZLOOEHDXJPHQWHGZLWKPRELOH
WHPSHUDWXUHVHQVRUPHDVXUHPHQWVDWKLJKVSDWLDOUHVROXWLRQ HJP=LWHUHWDO WRTXDQWLI\¿QH
scale effects of canopy loss on temperatures. We will predict how summer heat may intensify if all 22,000
DVKWUHHVDUHHOLPLQDWHGGXHWR($%DQGKRZIXWXUHODQGXVHSODQQLQJ HJ³VPDUWFLWLHV´ DQGDGGLWLRQRI
green infrastructure might improve urban hydrology and mitigate urban heat.
We will also develop a continuous 15-minute temporal resolution land and water surface temperature data
product (at 30m x 30m spatial resolution) derived from the regression of periodic Landsat data with our
observational air and pond water temperature records (Tavares et al. 2019). This temporally continuous
temperature product, when combined with canopy cover and impervious surface data, will allow us to
H[DPLQHWKHFRPELQHGLPSDFWRIWKHVHIHDWXUHVRQSRQGVXUIDFHZDWHUWHPSHUDWXUHVDQGÀX[HVLQDYDULHW\
of urban sub-catchments. This will allow us to investigate whether canopy loss due to EAB is directly
DIIHFWLQJSRQGVDQGKRZWKHXUEDQODQGVFDSHFRQWULEXWHVWRÀXFWXDWLRQVLQODQGVXUIDFHWHPSHUDWXUHDQG
pond water surface temperature across seasons and years.
Q2.3. In the face of changing climate, can urban LULC sustain ecosystem services and mitigate
undesirable ecological change in the Yahara lakes?
$QWLFLSDWLQJWKH³SHUIHFWVWRUP´RIFRQGLWLRQVWKDWFDQOHDGWRDEUXSWFKDQJHVLQXUEDQDTXDWLFHFRV\VWHPV
requires integration of our long-term observational data, the empirical studies described above that integrate
the urban landscape with current understanding of land-water-climate interactions, and the capacity to
explore the potential state-space of multiple driver interactions. Process-based models allow us to integrate
climate and urban landscape characteristics (e.g., soil, ponds, and spatial arrangement of vegetation and
impervious surface) and their impacts on the delivery of water and nutrients to the Yahara lakes (Fig. 6).
Models also allow us to expand our understanding of ecosystem dynamics and feedbacks and identify
WKUHVKROGVDQGRUFRQGLWLRQVWKDWOHDGWRDEUXSWFKDQJH 5DWDMF]DNHWDO ,QWHJUDWHGSURFHVVEDVHG
modeling tools can be used to explore a wide range of plausible future scenarios of LULC and climate
change that may increase the likelihood of abrupt change in the Yahara lakes, and to identify patterns of
LULC that increase ecosystem resilience and sustain ecosystem services (Jenerette 2018).
Hypotheses: We hypothesize H2.3a: rising climatological variability and increasing frequency and
intensity of extreme precipitation events will interact with thresholds of impervious cover to increase the
ÀDVKLQHVVRIUXQRIIDQGÀX[RIQXWULHQWVWRUHFHLYLQJZDWHUERGLHVWKXVLQGXFLQJHFRV\VWHPVWDWHFKDQJH.
Furthermore, the pattern of urbanization and the extent and condition of green infrastructure can minimize
the consequences of land use and climate change, but this capacity may be exceeded as climate variability
continues to increase. Thus, we also hypothesize H2.3b: green infrastructure will only succeed to a threshold
RISUHFLSLWDWLRQLQWHQVLW\EH\RQGZKLFKÀRRGLQJDQGQXWULHQWORDGLQJZLOOLQFUHDVHUDSLGO\ZLWKSRWHQWLDO
to induce abrupt ecologic change in receiving waterbodies.
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Approach: We will quantify interacting effects of LULC and climate on hydrology and hydrologic
HFRV\VWHPVHUYLFHVLQFOXGLQJÀRRGULVNÀDVKLQHVVDQGQXWULHQWÀRZVWRLQGLYLGXDOXUEDQSRQGVDQGWR
WKH<DKDUD ODNHV XVLQJ WKH$JUR,%,67+0% PRGHO VXLWH :H ZLOO LQYHVWLJDWH LQWHUDFWLRQV RI FOLPDWH
LPSHUYLRXVVXUIDFHVDQGYDULDWLRQLQWUHHFDQRS\FRYHURQK\GURORJ\DQGQXWULHQWÀRZWRLGHQWLI\GULYHU
interactions and thresholds associated with abrupt ecological change (H3a). To assess the potential for
abrupt change in urban ponds and the Yahara lakes, we will conduct factorial simulation experiments using
$JUR,%,6 DQG 7+0% WR H[SORUH VFHQDULRV WKDW LQFRUSRUDWH LQWHUDFWLRQV ZLWK WKH XUEDQ SRQGVFDSH DQG
YDU\WKHDPRXQWW\SHDQGVSDWLDOFRQ¿JXUDWLRQRIXUEDQ/8/&LQFOXGLQJJUHHQDQGJUH\LQIUDVWUXFWXUH
under alternative climate conditions (H3b). H3b intentionally parallels H2b to allow us to examine this
TXHVWLRQYLDGLIIHUHQWPHWKRGRORJLHV:HZLOOXVHRXUORQJWHUP8+,VSDWLRWHPSRUDOWHPSHUDWXUHGDWDEDVH
to modify our base climate dataset to drive model runs. We will determine LULC combinations that reduce
ÀDVKLQHVVDQGQXWULHQWGHOLYHU\WRWKHODNHVLQUHVSRQVHWRKHDY\UDLQIDOOHYHQWVDQGFRPELQDWLRQVDVZHOODV
WKUHVKROGVLQGULYHUVWKDWFDXVHVWDWHFKDQJHVLQXUEDQSRQGV1DWXUDOYHJHWDWLRQFDQPLWLJDWHÀRRGLQJDQG
reduce nutrient transport following rain events, but this capacity will be exceeded at some point. We will
DOVRDVVHVVFREHQH¿WVDQGHFRV\VWHPVHUYLFHVRIJUHHQLQIUDVWUXFWXUHHJDVUHIXJHVRUVWHSSLQJVWRQHV
for native species in the face of changing climate, supporting outdoor recreation and human wellbeing (Wu
2014; Jenerette 2018).

Q3. How do external drivers interact with aquatic invasive species to regulate water quality?
7KHUHLVDSHUYDVLYHYLHZWKDWZKHQPRUHWKDQRQHGULYHULQÀXHQFHVDUHVSRQVHYDULDEOHHIIHFWVZLOOEH
larger than expected and the likelihood of abrupt change will increase (i.e., synergistic interactions among
drivers) (Côté et al. 2016). However, examination of this idea reveals ambiguous outcomes. On one hand,
regime shifts frequently result from interactions among multiple drivers, particularly in aquatic settings
that are affected by both terrestrial and aquatic drivers (Rocha et al. 2015, 2018). On the other hand, the
H[SHFWDWLRQRIV\QHUJLVWLFLQWHUDFWLRQVLVQRWZHOOVXSSRUWHGE\H[SHULPHQWVLQYROYLQJGULYHUV,QVWHDG
additive (drivers act independently) and antagonistic (drivers interact to lessen the response) outcomes
are more common (Jackson et al. 2016, Côté et al. 2016). And as a third outcome, or perhaps an extreme
version of antagonism, Kelly et al. (2017) suggested that instead of interacting, one driver over-rides or
negates the effect of another in a ‘sequence of stressors¶WRVKDSHFRPPXQLW\DQGHFRV\VWHPG\QDPLFV,Q
WKLVFDVHWKH¿UVWGULYHULVVWLOOSUHVHQWEXWLVQRORQJHULQÀXHQWLDO
Lake Mendota is an ideal ecosystem to test these concepts of (potentially) interacting drivers and abrupt
change. The lake is exposed to both external and within-lake biotic drivers and has experienced a series of
abrupt changes in water clarity and algal bloom dynamics (i.e., water quality) over the past two decades.
Madison has experienced 7 consecutive years of above-normal precipitation, including 4 of the 5 highest
annual totals over the 130-year period of record (see Fig 7). This trend in annual precipitation is largely due
to an increase in the magnitude and frequency of heavy rainfall that is occurring across the north-central
21

86 0DOODNSRXU 9LOODULQL /DUJHUDLQ
events are particularly effective at mobilizing
and transporting sediments and nutrients. For
Lake Mendota, these rains are falling on an
increasingly urbanized watershed affecting
nutrient and pollutant delivery to the lake, as will
be investigated in Section 2. Extreme rain events
deliver high P loads to the lake (Carpenter et al.
2015, 2018), and years with multiple events (e.g.,
2007-09, 2018-19) lead to high P concentrations
in the lake during spring mixing (Fig. 9);
a condition that favors high phytoplankton
abundance in the lake (Lathrop et al. 1998).
Within the lake, Mendota’s food web has
recently undergone two abrupt changes due to
the invasion and proliferation of Bythotrephes
in 2009 (Walsh et al. 2016a), and discovery of
a small population of zebra mussels (Dreissena
polymorpha) in 2015 that subsequently increased
by 5 orders of magnitude in the next 2 years (Fig.
10). Both invasions led to food-web transitions
that occurred at approximately the same time
as shifts in nutrient loading to the lake, but
with unexpected water quality consequences.
Counterintuitively, with the Bythotrephes
invasion, P concentrations declined dramatically
but phytoplankton blooms increased, whereas N
and P concentrations increased but the frequency
of blooms appeared unaffected by the Dreissena
invasion (Fig. 9). Thus, it remains unclear if and
how these abrupt food web changes caused by
invasive species interact with and modify the
consequences of more extreme rainfall events
in the watershed. To address this question, new
research activities will focus on nutrient inputs
and the effects of Dreissena and will be integrated with long-term data and prior studies on mechanisms
underlying the abrupt shifts triggered by Bythotrephes (e.g., Walsh et al. 2016a, 2019a). We propose three
initiatives to quantify: (1) nutrient inputs and nutrient patterns in the lake associated with large rain events;
(2) effects of Dreissena and nutrients on phytoplankton composition and abundance; and (3) whether the
interactions among invasive species and abiotic drivers that have led to abrupt changes in phytoplankton
dynamics are independent, interactive, or sequential.
Q3.1. What are effects of extreme rain events on nutrients and phytoplankton in Lake Mendota?
Extreme rain events affect lakes by rapidly delivering large amounts of water and terrestrial materials and
by physically disrupting the water column. Although physical disruption can sometimes be intense, these
effects are typically short-lived, and it is the input of materials from the watershed that usually has larger
and longer ecological impacts on lakes (Klug et al. 2012). A notorious example is the sequence of large rain
events that triggered the record-setting harmful algal blooms in Lake Erie in 2011 (Michalak et al. 2013).
Here, we propose to examine storm effects within Lake Mendota. This builds on prior watershed studies
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of P delivery by storms, especially from
croplands (Lathrop 1992; Motew et al.
2017) and will dovetail with research
activities in Section 2. Routine NTL
sampling captures seasonal spikes
in N and P during years with recordsetting rains (e.g., 2009, 2018; Fig.
9), but sampling frequency is not
VXI¿FLHQWO\UHVROYHGWRSDUVHRXWHIIHFWV
of individual events. We have observed
high chlorophyll concentrations near
WULEXWDU\FRQÀXHQFHV /RNHQ)LJ
11) and mapped chemically distinct plumes in the lake following storms (Stadler et al. 2019). However, we
KDYHQRWFRQQHFWHGPDWHULDOULFKVWRUPÀRZVWRSDWWHUQVLQODNHFKHPLVWU\HLWKHULQJHQHUDORUDVDIXQFWLRQ
of sub-watershed land cover, nor have we determined if these inputs trigger phytoplankton blooms.
Hypotheses: H3.1a: Large rain events create spatial variability in Lake Mendota by delivering water that
is chemically distinct from the lake, and chemically distinct among watersheds with differing land uses.
H3.1b: &RQÀXHQFHDUHDVUHFHLYLQJVWRUPLQSXWVEHFRPHKRWVSRWVIRUSK\WRSODQNWRQEORRPVWRWDNHKROG
Approach: To evaluate within-lake effects of storms and test H3.1a, we will map several physical and
chemical parameters on a regular (2-4X per ice-free month) and episodic basis using the FLAMe platform
&UDZIRUGHWDO ,QVLWXVHQVRU µEXR\¶ GDWDIURPWKHFHQWHURIWKHODNHDQGDQHZQHDUVKRUHORFDWLRQ
ZLOO EH XVHG WR H[DPLQH ODNH UHVSRQVHV DW D ¿QHO\ UHVROYHG WHPSRUDO VFDOH 7KH QHDU VKRUH VHQVRU DQG
mapping efforts are discussed further in the Approach for Question 3.2 below. Evaluating potential land
cover effects (H3.1a) will also be informed by agency data and sampling of urban runoff. Daily N, P, and
sediment load estimates for 4 of Lake Mendota’s 6 tributaries (including one which drains a predominantly
urban basin) are available from USGS, as is water chemistry data from storm sewers from prior USGS
DQG:,'15VWXGLHVWRSURYLGHDGGLWLRQDOLQIRUPDWLRQDERXWFRPSRVLWLRQRILQSXWVDPRQJDUDQJHRIUDLQ
events. We will also sample storm sewers and urban streams in parallel with FLAMe mapping. Sites will
include downstream outlets from pond sites in Section 2 and water chemistry analyses will match those
used in the urban pond study.
4 :KDW DUH PHFKDQLVPV RI ]HEUD PXVVHOV DQG VKLIWLQJ QXWULHQW LQÀXHQFH RQ SK\WRSODQNWRQ
(especially cyanobacteria) composition and abundance?
Zebra mussels are powerful ecosystem engineers that can increase water clarity, favor cyanobacterial
dominance, alter nutrient cycling, and shunt ecosystem productivity to benthic habitats (Strayer 2010).
,Q /DNH 0HQGRWD KRZHYHU ZH KDYH QRW ZLWQHVVHG WKH ZDWHU FROXPQ FOHDULQJ IROORZLQJ Dreissena
establishment that is often reported and had been
predicted to occur in Lake Mendota (Reed-Andersen
et al. 2000), nor has there been a shift toward buoyant
cyanobacteria taxa such as Microcystis (reviewed by
+LJJLQV  9DQGHU =DQGHQ   1RQHWKHOHVV WKH
phytoplankton community has changed over the last 3
years. Although the annual abundance patterns have not
noticeably changed (Fig. 9), diversity has unexpectedly
increased (Fig. 12), and preliminary data suggest a shift
in bloom timing (variability is high with only 3 years of
data), and our single highest cyanotoxin measurement
was collected in 2018. Further, bloom sightings in near23

shore areas have increased (Fig. 13), indicating a shift toward
taxa capable of forming surface scums. DreissenaLQÀXHQFH
on phytoplankton communities often occur via two distinct
mechanisms. First, these invaders are capable of selective
FRQVXPSWLRQ RI SK\WRSODQNWRQ 9DQGHUSORHJ HW DO  
that can change taxonomic composition, although this effect
typically reduces phytoplankton diversity and favors taxa
such as Microcystis. Second, differential N and P excretion by
Dreissena can change nutrient form, availability, and cycling
to create conditions that may favor some phytoplankton taxa
over others (Bykova et al. 2006, DeStasio et al. 2008).
Cyanobacteria bloom proliferation is frequently attributed to
N and or P enrichment (Huisman et al. 2018) and in Lake
Mendota, as in many lakes, P limits productivity (Brock
1985; Schindler et al. 2016). Absolute concentrations of N,
its form, and its abundance relative to P (N:P ratio) can also
affect cyanobacterial community composition (Beversdorf et
al. 2015; Weirich et al. 2019) and have been linked to toxin
IRUPDWLRQ *REOHU HW DO  6WHIIHQ HW DO  &KDI¿Q
et al. 2018). As noted above, record high rainfalls over the
past 4 years have driven concentrations of both nutrients up
in Lake Mendota, and a swifter increase in P has lowered
N:P ratios. Thus, regardless of, or in addition to, any effects
Dreissena may have on N and P, we expect that precipitationGULYHQ FKDQJHV LQ 1 DQG 3 DUH DOVR LQÀXHQFLQJ SK\WRSODQNWRQ G\QDPLFV7R XQGHUVWDQG KRZ Dreissena
and storm-driven nutrient loading are causing the observed changes in cyanobacteria composition and
abundance, we will test the following hypotheses:
Hypotheses: H3.2a: Shifts in cyanobacterial composition, timing, intensity, and toxicity bloom behavior
are driven by differential consumption of phytoplankton by Dreissena, H3.2b: and/or indirectly via
their differential retention/excretion of nutrients. H3.2c: 5HFHQW FKDQJHV UHÀHFW FKDQJHV LQ D  WRWDO
FRQFHQWUDWLRQVRI1RU E 3RU F 13UDWLRVH3.2d: Relative amounts of ammonium (NH4 QLWUDWH 123 
DQGGLVVROYHGRUJDQLF1 '21 FRQWUROF\DQREDFWHULDOFRPPXQLWLHVZLWK'21VSHFLDWLRQSOD\LQJDPDMRU
role in regulating toxin production.
Approach: We will use laboratory mesocosm studies to quantify Dreissena feeding effects across a range
of lake water nutrient concentrations and phytoplankton abundances to quantify changes in water column
chlorophyll, particulate OM, and cyanobacterial assemblages (counts and DNA sequencing) (H3.2a). These
experiments will also be used to estimate Dreissena effects on amounts and forms of N and P (H3.2b) and
can be adapted to consider other factors (e.g., temperature, zooplankton composition), if needed. Results
will be combined with data on lake nutrient concentrations and Dreissena abundances using a bioenergetic
modeling approach (e.g., Reed-Andersen et al. 2000) applied at the whole-lake scale to compare changes
attributable to Dreissena alone to those occurring in the lake (H3.2c, d).
NTL-Microbial Observatory researchers have collected microbe/cyanobacteria samples 1-2X/week (MayOct) since 2000 and cyanotoxin samples since 2014 at the central sampling location in Lake Mendota. We
will use these data to examine relationships between cyanobacterial communities and nutrient dynamics to
evaluate H3.2c and H3.2d. Our metagenomic time series allows us to compare cyanobacterial taxa at strainlevel resolution to ask whether some strains appear or disappear in years with extreme loading events.
We will also evaluate whether the abundance and phylogenetic distribution of N-cycling genes (e.g., urea
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XSWDNH1¿[DWLRQ VKLIWZLWKWKHVHHYHQWV)XUWKHUZHZLOORSSRUWXQLVWLFDOO\PHDVXUH1¿[DWLRQUDWHVDVDQ
indicator of community-level N-stress and relate this to toxin production during blooms, as there is strong
HYLGHQFHIRUDSK\VLRORJLFDOOLQNEHWZHHQ1VWUHVVDQGWR[LQSURGXFWLRQ 3LPHQWHO *LDQL+DUNH 
*REOHU ,QDGGLWLRQWRRXUFRQWLQXLQJWLPHVHULHVZHZLOOSHUIRUPVKRUWWHUPLQFXEDWLRQ PLFURFRVP 
experiments with lake water and nutrient additions. Our focus will be on N-species and their effects on
toxin production (H3.2d), using 15N-labeled N compounds (Gobler et al. 2016; Steffen et al. 2017). Finally,
recent observations of shoreline blooms highlight spatial variability in cyanobacterial abundances. FLAMe
mapping will emphasize coverage of the lake perimeter to quantify chlorophyll and phycocyanin as well as
DQ\LQÀXHQFHRIGLIIHUHQWVXEFDWFKPHQWVRQVSDWLDOYDULDELOLW\LQWKHVHDUHDV:HZLOODOVRDGGDQHDUVKRUH
monitoring station equipped with high-frequency measurements of temperature, phytoplankton pigments,
and NO3. Data from these sensors will be used to examine potential responses to extreme rain events (Q3.1).
,QVWUXPHQWVZLOOEHGHSOR\HGDWWKH+DVOHU/DEGRFNZKHUHZHZLOOFROOHFWPDQXDOVDPSOHVIRUPLFURELDO
community analysis and toxin measurements 1-2 times/week in the ice-free months.
Q3.3. Do multiple drivers act independently, interactively, or sequentially?
7KLV ¿QDO TXHVWLRQ UHSUHVHQWV D V\QWKHVLV RI KRZ GLIIHUHQW GULYHUV PD\ EH LQÀXHQFLQJ SK\WRSODQNWRQ
dynamics in Lake Mendota. Our goals are to identify on mechanisms involved in transitions from low to
high nutrient conditions, establishment of new invaders, and changing phytoplankton dynamics, and to test
the hypothesis regarding driver interactions.
Hypotheses: $EUXSW FKDQJHV LQ SK\WRSODQNWRQ FRPSRVLWLRQ DQG EORRP WLPLQJ UHÀHFW H3.3a: additive
LQGHSHQGHQW  H3.3b: synergistic, H3.3c: antagonistic, or H3.3d VHTXHQWLDO HIIHFWV RI H[WHUQDO GULYHUV
controlling nutrient inputs and internal drivers in the form of invasive species establishment.
Approach: We will combine analysis of historic data with results from work described above that
emphasizes mechanism and magnitude of nutrient and Dreissena LQÀXHQFH 5HWURVSHFWLYH DQDO\VHV ZLOO
include re-visiting prior relationships related to drivers of water quality in the 2000s and comparing these
previous relationships to current conditions. These lead to a series of questions to be considered, such
as, have zooplankton assemblages (especially Bythotrephes and Daphnia) changed following Dreissena
establishment? Have relationships between Bythotrephes and water quality described by Walsh et al. (2016a,
2017, 2018a, 2019a) diverged in this current period of high nutrient loading and Dreissena abundance and,
if so, how? What combination of drivers best explains changes in phytoplankton abundance over time?
NTL has a long history of leveraging statistical models to understand how ecosystems are responding
to different drivers (e.g., Hansen et al. 2013; Walsh et al. 2019a; Carpenter et al. 2020). We will use this
experience to develop time series models that help explain phytoplankton dynamics over the last three
decades, with an emphasis on understanding how driver dynamics (i.e., effect sizes, interactions) and temporal
dynamics of these drivers have changed. We will rely primarily on Multivariate autoregressive state-space
models (MARSS; Holmes et al. 2012), and hierarchical general additive models (HGAMs; Pedersen et
al. 2019) to better address these fundamental questions. MARSS models, for example, can integrate timeYDU\LQJFRHI¿FLHQWVWKDWZLOODOORZXVWRDVVHVVKRZWKHHIIHFWVL]HVDQGLQWHUDFWLRQVRIGLIIHUHQWGULYHUV
vary through time. The patterns in change through time can provide insights into, for example, if new
drivers are overriding prior drivers (i.e., H3.3d) or have strong positive interactions (H3.3b). Hierarchical
GAMs will allow us to quantify non-linear driver-response relationships and how those relationships are
PRGL¿HGIROORZLQJDEUXSWFKDQJHVLQLQYDVLRQG\QDPLFV HJEHWZHHQSUHBythotrephes, Bythotrephes, and
DreissenaWLPHSHULRGV $QDGGLWLRQDODGYDQWDJHRI+*$0VLVWKDWZHFDQ¿WWKHPRGHOVXVLQJDSSURSULDWH
error distributions and not rely on transformations of the data to accommodate normality constraints which
will aid in interpretation of model results.
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Q4. What causes intentional ecosystem manipulations to persist, revert, or lead to novel states?
,QWKLV¿QDOVHFWLRQZHSURSRVHWZRSURMHFWVWKDWSURYLGHDQRWKHUDSSURDFKIRUVWXG\LQJDEUXSWHFRORJLFDO
FKDQJH DQG HPEUDFH RSSRUWXQLWLHV SURYLGHG E\ D ORQJWHUP UHVHDUFK SURJUDP 6SHFL¿FDOO\ ZH SODQ D
retrospective and a prospective study of two long-term ecosystem experiments. Long-term experiments
are powerful tools for capturing delayed and often unexpected ecological responses and are especially
appropriate when long-lived organisms and/or interacting drivers affect ecosystem dynamics (Dodds et
al. 2012). Experiments also have the advantage of controlling the nature and timing of the treatment- a
notable convenience for studying abrupt change. These experiments capitalize on the reality that many
ecosystems are managed purposefully by humans to achieve a desired condition (Palmer et al. 2016) and
management activities can be or can cause abrupt changes to an ecosystem. Pairing lake management with
long-term studies allows us to test whether management-induced ecosystem shifts persist through time
(i.e., are stable), whether the ecosystem returns to the original state, or if the ecosystem moves to some
QHZFRQ¿JXUDWLRQ 6FKHIIHU 7KHVHWZRH[SHULPHQWVKDGKDYHGLVWLQFWPRWLYDWLRQVEXWWRJHWKHUWKH\
provide a broader opportunity to consider whether directed efforts to abruptly shift an ecosystem to an
alternative state can be sustained over years to decades.
Q4.1: What are the interacting drivers that lead to different macrophyte states in a shallow lake?
Shallow lakes have provided an early example of abrupt ecosystem change and a case study for development
RIDOWHUQDWLYHVWDWHWKHRU\ HJ6FKHIIHU6FKHIIHU &DUSHQWHU 7KHVHV\VWHPVFDQVKLIWIURPD
turbid state (high phytoplankton abundance, low water clarity) to a clear water state (abundant macrophytes,
high water clarity). Each state is maintained by several well-described feedback mechanisms and shifts
between the two states are abrupt and non-linear. This theory is now used to manage lakes in the turbid state.
)RUH[DPSOHUHPRYDORI¿VKVXFKDVFRPPRQFDUS Cyprinus carpio), whose feeding activities re-enforce
the turbid state, has been used to push shallow lakes to
the more desirable macrophyte-dominated clear water
state (Jeppesen et al. 1990; Hansson et al. 1998; Scheffer
 7KLV¿UVWUHWURVSHFWLYHSURMHFWZLOOH[DPLQHVXFK
a management experiment in which most carp were
removed from Lake Wingra in 2008. The intervention was
successful in producing an abrupt shift from the turbid
state to a clear water state (Lathrop et al. 2013) and water
clarity has generally remained high, but variable among
years (Fig. 14). However, an unexpected response to the
FOHDUZDWHUVWDWHZDVDVLJQL¿FDQWexpansion of invasive
Eurasian watermilfoil (Myriophyllum spicatum; EWM)
into deeper areas that previously lacked macrophytes
(Fig. 15). EWM can grow in dense stands and reach the
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water surface, and in some years, these plants became overgrown with ¿ODPHQWRXVDOJDH PHWDSK\WRQ)LJ
16A). Presence of metaphyton has varied among years; when it occurs, EWM and metaphyton severely
degrade lake aesthetics and recreational activities. These conditions represent an unintended consequence
RIVKLIWLQJWKHODNHWRWKHPDFURSK\WHVWDWHDQGVXJJHVWDPRGL¿FDWLRQWRWKHFRQYHQWLRQDOPRGHORIWZR
alternative states in shallow lakes. 2XUSURSRVHGPRGL¿FDWLRQZDVKLQWHGDWE\,UIDQXOODK 0RVV  DQG
recognizes the potential for a desirable (moderate macrophyte biomass) and undesirable (high macrophyte
biomass and metaphyton overgrowth) version of the macrophyte-dominated state (Fig. 16B), the latter of
which can be thought of as the ‘third state.’ The question is: what conditions lead to one macrophyte state or
another? The ecosystem state in a given year is expected to result from interactions between light, nutrients,
DQGJUD]LQJDQGZHZLOOWHVWWKHVHVSHFL¿FK\SRWKHVHV
Hypotheses: H4.1a: +LJK ZDWHU FODULW\ GXULQJ VSULQJ JLYHV PDFURSK\WH JURZWK D MXPS VWDUW DOORZLQJ
them to reach the lake surface and provide substrate for metaphyton, and H4.1b the metaphyton state
is favored by high water column nutrient concentrations
during summer combined with high zooplankton grazing
on phytoplankton.
Approach: We will use NTL core data for a retrospective
analysis of nutrient, water clarity, chlorophyll, macrophytes,
and metaphyton in Lake Wingra over the past two decades
complemented with occasional lake-wide macrophyte
VXUYH\VIURP:,'15DQGDLUSKRWRVDQGVDWHOOLWHLPDJHU\
IRU PDFURSK\WH FRYHUDJH 6LOYD HW DO  9LOOD HW DO
2018) to quantify shifts between the two macrophyte states.
We will test whether years of metaphyton dominance are
associated with high spring water clarity, high summer water
column nutrients, and/or abundant zooplankton grazers.
We will also develop a seasonally-dynamic lake model
designed for evaluating interactions among metaphyton,
macrophytes, and phytoplankton to explore the drivers and
interactions among these groups and perhaps reveal other
hidden factors which may regulate metaphyton overgrowth.
4'RHVIRRGZHEVWUXFWXUHLQÀXHQFHUHVWRUDWLRQRI
native biota and control of invasive species?
,QYDVLYH VSHFLHV DUH D OHDGLQJ FDXVH RI ELRGLYHUVLW\
decline, particularly in aquatic ecosystems where species
ORVVHV KDYH EHHQ SDUWLFXODUO\ DFXWH 5HLG HW DO   ,Q
many Wisconsin lakes, threats posed by invasive species
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can co-occur with climate change effects. Lake
ZDUPLQJ FDQ MHRSDUGL]H QDWLYH FROGZDWHU ¿VKHV
by limiting available habitat (Sharma et al. 2007;
Magee et al. 2019b). Cisco, a pelagic forage
¿VK WKDW FDQ VWURQJO\ LQÀXHQFH ]RRSODQNWRQ
dynamics (Rudstam et al. 1993), is emblematic
RI FROGZDWHU ¿VKHV IDFLQJ WKHVH GXDO WKUHDWV LQ
many Midwestern lakes. Climate models predict
25-70% of cisco populations will be extirpated
by 2100 due to loss of deep water oxythermal
habitat (Sharma et al. 2011). Extirpations have
already been observed in the southern portion of
their range (Honsey et al. 2016), including several
lakes in Wisconsin (Rypel et al. in prep). At the
VDPH WLPH DQRWKHU SHODJLF IRUDJH ¿VK UDLQERZ
smelt (Osmerus mordax) presents a challenge
for cisco. Rainbow smelt are native to the north
Atlantic coast and have invaded many lakes in the
Upper Midwest and Canada and are expected to
continue to spread (Mercado-Silva et al. 2006).
Smelt feed on juvenile cisco and compete with adult cisco, and thus can be a direct cause of cisco extirpation
(YDQV /RIWXV+UDELNHWDO <HWPRVWVWXGLHVRIWKHYLDELOLW\RIQDWLYHFLVFRSRSXODWLRQVKDYH
focused on habitat availability (Jacobson et al. 2008, 2010; Honsey et al. 2016) and have not considered
biotic interactions (Roth et al. 2010).
:H SURSRVH DQ HFRV\VWHP H[SHULPHQW LQWHQGHG WR WHVW WKH UROH RI DSH[ SUHGDWRUV SLVFLYRURXV ¿VKHV  LQ
mediating the interaction between cisco and rainbow smelt in a species reintroduction context (Fig. 17).
Apex predators can regulate community structure and have profound ecological effects that extend to the
EDVHRIWKHIRRGZHE 3DFHHWDO7HUERUJK (VWHV 7KLVFDQLQFOXGHPHGLDWLQJLQWHUDFWLRQV
among its prey species (Abrams 1987), and this effect has been reported for smelt-cisco interactions. For
example, heavy stocking of the apex predator, walleye into two different lakes reduced the abundance of
smelt via selective predation, which shifted the competitive advantage from smelt to cisco and allowed
small resident cisco populations to recover (.UXHJHU +UDELN  This idea that interactions between
QDWLYHDQGLQYDVLYHIRUDJH¿VKHVLVPHGLDWHGE\WKHSUHVHQFHRIDSUHGDWRULVWKHIRXQGDWLRQIRURXUSURSRVHG
question.
Hypothesis: H4.2a The presence of an apex predator mediates the interactions between native and invasive
FROGZDWHUIRUDJH¿VKHVDQGWKLVLQWHUDFWLRQFDQGHWHUPLQHWKHRXWFRPHRIQDWLYHVSHFLHVUHVWRUDWLRQDQG
invasive species control.
Approach- We will introduce native cisco into two core NTL lakes, Sparkling and Crystal, both of which
have suitable oxythermal habitat for this species. Both lakes have been invaded by smelt and lost their
historic populations of cisco (Hrabik et al. 1998). Sparkling Lake has apex predators (muskellunge and
walleye) and will receive additional walleye stocking. Crystal Lake has no apex predator. By reintroducing
QDWLYHFLVFRLQWRWZRODNHVZLWKGLVWLQFWO\GLIIHUHQWIRRGZHEFRQ¿JXUDWLRQV QRDSH[SUHGDWRULQ&U\VWDO
abundant apex predator in Sparkling), we will test the hypothesis that presence of a native apex predator
(walleye) facilitates the reestablishment of cisco by affecting the nature and/or magnitude of interactions
between smelt and cisco. We will take a long-term approach to this experiment, as interactions among
these species may vary over time in response to differences in generation times or inter-annual variabil in
recruitment success among these three species. These circumstances are conducive to delayed effects or
surprises, and thus merit more than 2-3 years of examination.
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Fish population and lake monitoring will begin a year prior to walleye and/or cisco reintroduction and will
continue throughout the duration of this funding cycle, with the aim of generating a decadal or longer time
VHULHV&LVFRZLOOEHWUDQVIHUUHGIURPDQHDUE\ODNHE\:,'15SHUVRQQHOZKRKDYHGRQHWKLVSURFHGXUH
before. Walleye will come from a second neighboring lake. We will also sample two reference lakes to
account for any climate-driven changes (Carpenter 1998). Big Muskellunge Lake is a core NTL lake and
contains cisco but no smelt. Anderson Lake is 25 miles northeast of the core NTL lakes, and contains
VPHOWEXWQRFLVFR6PHOWDQGFLVFRSRSXODWLRQVZLOOEHTXDQWL¿HGE\K\GURDFRXVWLFVXUYH\VXVLQJVWDQGDUG
NTL methods 4 times/year along with diet and growth studies (smelt, cisco, walleye) to provide a basis
for understanding predation and competitive interactions. Routine NTL limnological sampling will be
expanded to Anderson Lake during this period. At the end of this grant cycle, we will revisit our results to
assess whether sampling frequencies can be maintained or reduced for subsequent longer-term monitoring.

INTEGRATION AND SYNTHESIS

The four research sections address questions from different angles and focus on different settings and
response variables. Although all are linked by the common interest in causes and consequences of abrupt
change, different questions, approaches, and study systems will inevitably lead investigators down different
paths. However, we are motivated to consider our results in a larger context and extract generalities from
WKHVH ¿QGLQJV 7KXV ZH SURSRVH WZR ¿QDO DFWLYLWLHV WR DVVXUH V\QWKHVLV DFURVV WKH GLIIHUHQW IDFHWV DQG
scales of our research. First, we will co-teach a graduate seminar designed to assess the current state-of-thescience regarding empirical observations of abrupt vs. gradual ecological change. The seminar will be led
MRLQWO\E\17/DI¿OLDWHGIDFXOW\DVZHKDYHGRQHVXFFHVVIXOO\ZLWKRWKHUFXUUHQWWRSLFVLQHFRORJ\,QGHHG
the 2015 report on re-envisioning environmental research and education at NSF states, “Preparing for and
responding to future rapid environmental change, including extreme events, requires a different perspective
and skillset than planning and designing for common or average conditions” (Advisory Committee for
Environmental Research and Education 2015). We will develop a structured review of case studies to
understand common themes among examples of abrupt ecological change as well as identify gaps in
understanding and opportunities for future research.
Second, we will convene a working group to synthesize our insights about abrupt ecological change in
NTL lakes and their surrounding landscapes and consider these insights relative to other similar long-term
HFRORJLFDOVWXGLHV,QIRUPHGE\FXUUHQWHFRORJLFDOH[DPSOHVDQGWKHRU\RXUJRDOLVWRH[WHQGXQGHUVWDQGLQJ
from the individual questions presented above to broader generalities about ecosystem change. Questions to
be addressed include: Are there common circumstances that lead to abrupt changes across lakes? Are these
circumstances distinct for ecosystem-wide abrupt changes vs. abrupt changes in, for example, individual
SRSXODWLRQVRUVSHFL¿FHFRV\VWHPDWWULEXWHV"'RZHVHHFRQVLVWHQWHYLGHQFHIRULQWHUDFWLRQVDPRQJGULYHUV
RUGRGULYHUVWHQGWRDFWLQDQDGGLWLYHRUVHTXHQWLDOIDVKLRQ",QVKRUWZKDWKDYHZHOHDUQHGIURPWKHVHGLYHUVH
tests and examinations of potential agents of abrupt change, and of abrupt changes themselves? Additional
high-priority questions are listed by Turner et al. (2020), providing us with a useful guide for these synthesis
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activities. We anticipate that these working
group activities will generate papers
emerging from cross-project comparisons,
insights and additions to current theory, as
well as identifying critical future research
needs and opportunities.
Collectively, research activities presented
in this proposal are motivated both by our
increasing awareness of changes in climate,
land use, and species gains and losses that
are impinging on the NTL study region,
and by a growing number of examples of
rapid changes that are occurring in and
around our study lakes. This reality is
by no means unique to NTL, providing a
clear incentive to place observations and
mechanisms underlying abrupt change into a broader framework to advance ecological understanding. As
we have described, our approach to for studying abrupt ecological change is one of multiple approaches
(Fig. 18). We consider both single and multiple drivers that include an increasingly unpredictable climate,
growing urban land use, new species, and human efforts to push ecosystems in a particular direction;
response variables range from population genetics to whole ecosystems. We expect this diversity of views
WROHDGWRQRYHOLQVLJKWV5HJDUGOHVVRIWKHVSHFL¿FUHVHDUFKDUHDGULYHURUUHVSRQVHEHLQJFRQVLGHUHGDOO
research activities are built on the foundation of long-term data and understanding. We are keenly aware that
HFRORJLFDOFKDQJHVVXFKDVVSHFLHVLQYDVLRQVGLVDSSHDUDQFHRIIDYRUHGVSRUW¿VKRULQFUHDVLQJO\IUHTXHQW
harmful algal blooms attract wide attention in Wisconsin. This attention presents us with an opportunity
and responsibility to understand why these events are occurring, to share this understanding broadly, and
increase awareness of lakes and environmental change in a rapidly changing world. To this end, education
at all levels, outreach and communication, and partnerships with agencies will continue to be points of
emphasis for us over the next six years and beyond.

EDUCATION AND OUTREACH ACTIVITIES
Expanding and strengthening education and outreach activities have been a priority for NTL and in this
proposal, we continue our commitment to successful long-term activities and include a set of new initiatives.
As we described in the Result of Prior Research section, the long-standing goal of our education and
outreach activities has been, and continues to be, to improve awareness and understanding of the ecology of
lakes, and of science in general for students at all stages of learning, resource managers, decision-makers,
and the general public. These broad and ambitious goals are addressed through multiple activities that
involve education at all levels, outreach and education, and promoting a diverse and inclusive environment
for learning about lakes and the environment.
Graduate Students: Graduate student training is a cornerstone of NTL educational activities, and these
HDUO\FDUHHUVFLHQWLVWVDUHDFWLYHSDUWLFLSDQWVDQGVLJQL¿FDQWFRQWULEXWRUVWRRXUUHVHDUFK HJVHHOLVWRI
Top 10 publications in Results of Prior Funding), education, and outreach accomplishments. NTL faculty
and staff will continue to provide workshops and seminars for graduate students, prioritizing information
management, data analysis, sensors use and construction, science communication, and the science of abrupt
ecological change. Capitalizing on our experience with lake sensing platforms, we held a workshop led by
NTL staff in 2019 for graduate students and Ph.D.-level researchers from other universities and state and
federal agencies on the use of these sensors. We now plan to offer the workshop every other year starting
in 2020 for any interested scientist, with top priority given to graduate students, and will advertise this
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opportunity through the LTER Network. The week-long program provides an introduction to electronics
and sensors that measure physical and chemical variables in freshwater, and attendees create their own
sensor systems during the workshop. Finally, to ensure that new graduate students are familiar with NTL
opportunities, we will hold graduate student workshops each fall to provide an overview of NTL and the
broader LTER network, ongoing and planned research activities, data availability, and ways for students to
get more involved. This will be oriented toward new graduate students working on lake-related science, but
all interested graduate students will be welcomed. There are currently 15 NTL graduate students and we
expect similar participation over the next 6 years.
Undergraduates: NTL personnel engage in several undergraduate educational activities, from use of NTL
research and data in classrooms to providing hands-on experiences through independent research projects,
assistantships, and REU fellowships. Further, we have support for 2 additional summer undergraduate
fellowships/year supported by endowment funds. These awards are identical to REU awards and allow us
to have a critical mass of undergraduate researchers who can work together and support each other. Fellows
work in partnership with graduate students, providing an additional graduate training opportunity to develop
PHQWRULQJVNLOOV:HKDYHKDGJRRGVXFFHVVZLWKIHOORZVSUHVHQWLQJWKHLU¿QGLQJVDWVFLHQWL¿FPHHWLQJV
and being authors on publications, and most of these undergraduates have gone on to graduate school and
VFLHQWL¿FFDUHHUV:HZLOOFRQWLQXHWRSURPRWHWKLVOHYHORIDFKLHYHPHQWDQGWRLPSURYHWKHTXDOLW\RIWKH
experience, we will conduct end-of-summer interviews with fellows and formalize our tracking of career
trajectories of these students to better understand student outcomes and the impact of these opportunities
on their professional lives.
K-12 Activities: NTL Schoolyard program (SYLTER) is a foundation of our K-12 activities and involves
students from four schools near Trout Lake Station. Approximately 100 students/year participate in a “Winter
/LPQRORJ\´SURJUDPZKHUHVWXGHQWVVSHQGSDUWRIWKHLUGD\JHWWLQJKDQGVRQH[SHULHQFHLQWKH¿HOGWKHQ
conducting experiments and making observations in the lab. Trout Lake Station and the Lac du Flambeau
Band of Lake Superior Chippewa are co-located in the same community and >25% of our participants are
of Native American descent. A goal of our SYLTER is to engage this community and SYLTER provides
an early opportunity for interactions between students from the tribal and non-tribal schools. Activities are
designed to create collaborative learning groups and have students from different schools work together.
Following site review recommendations, we initiated an effort with the K-12 teachers associated with our
6</7(5SURJUDPPDQ\RIZKRPZHKDYHORQJVWDQGLQJUHODWLRQVKLSVZLWKWRGHYHORSRXU³GUDZDODNH´
assessment efforts and generate additional assessment tools to address how SYLTER activities are meeting
and contributing to Next Generation Science Standards. The results and protocols of the assessments will be
LQWHJUDWHGLQWRRXU17/,0V\VWHPDQGVKDUHGZLWKRWKHU/7(5VLWHVDW3,PHHWLQJVDQG/7(5$OO6FLHQWLVW
meetings.
Promoting Diversity and Inclusivity$VPHQWLRQHGEULHÀ\LQRXUUHVSRQVHVWRSULRUUHYLHZVH[SDQGLQJ
the diversity of students involved in NTL and supporting an inclusive workplace environment are ongoing
goals. We have had recent successes in recruiting graduate students from under-represented groups assisted
by offering RA and other support from NTL packaged with 2-year Advanced Opportunity Fellowships from
UW-Madison and will continue these efforts and build on our growing informal network of contacts to
recruit students. We also see an opportunity to increase the involvement of underrepresented undergraduate
students via our summer research fellowship program described above. We will pursue partnerships with
the Center for Education Opportunity and the STEM Diversity Network here on-campus for guidance
and assistance in recruiting undergraduates, and these efforts will be augmented by promoting/advertising
fellowship opportunities through the UW-Madison SACNAS chapter, ESA-SEEDS, and the Diversity Joint
9HQWXUHIRU&RQVHUYDWLRQ&DUHHUV
A second set of activities that have already been initiated include creation of a standing committee on
'LYHUVLW\(TXLW\DQG,QFOXVLRQDQGGHYHORSPHQWRIDZRUNVKRSWKDWaddresses diversity, inclusion, and
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ZRUNSODFHFOLPDWHHVSHFLDOO\DVWKH\UHODWHWRQDWLRQDOFRQFHUQVDERXWQHJDWLYHH[SHULHQFHVGXULQJ¿HOG
VWXG\DQGDW¿HOGVWDWLRQV &ODQF\HWDO :HDUHWDNLQJVWHSVLQWHUQDOO\WRLPSURYHRXURSHUDWLRQV
codes of conduct, and student and staff training to create an informed and more inclusive climate. This
ZLOOLQFOXGHD³:HOOQHVVLQWKH1RUWKZRRGV´ZRUNVKRSHDUO\LQWKHQH[WIXQGLQJF\FOHWKDWZLOOLQFOXGH
7UDQV$OO\EXOO\LQJDQGLQWLPLGDWLQJEHKDYLRUDQGVXLFLGHSUHYHQWLRQWUDLQLQJIRU17/3,VDQGVWXGHQWV3,
*HUULVKLVDOVRFROODERUDWLQJZLWK/7(5¿HOGVLWHOHDGHUVWREXLOGDQHWZRUNRIZRUNVKRSIDFLOLWDWRUVZKR
FDQSURYLGHWUDLQLQJDQGUHVRXUFHVWR¿HOGVWDWLRQV/7(5VLWHVDQGSURIHVVLRQDORUJDQL]DWLRQV
Outreach and Communication: Outreach and communications activities intended to raise awareness and
translate NTL science to policymakers, resource managers, and the general public will continue to be
an emphasis for us. This includes providing support for science communications and outreach specialist
Adam Hinterthuer to facilitate media interactions, promote NTL research, and assist with and coordinate
activities. We plan to continue supporting activities such as ‘Science on Tap’ events in both southern and
northern Wisconsin, Open House events at Trout Lake Station and the Hasler Lab of Limnology, leading
graduate seminars in science communication, and coordinating boat trips on Lake Mendota for a wide range
RIJURXSV,QQRYDWLYHDUWVFLHQFHFROODERUDWLRQVKDYHDOVREHHQDQLQWHJUDOSDUWRIWKH17/RXWUHDFKDQG
communication efforts since 2006 and have helped motivate discussions about developing informed visions
for the future. We will support 1-3 artists in residence at Trout Lake Station each summer, which provides a
unique opportunity for both artists and scientists to collaborate on art-science communication projects. We
now look to expand this residence program to include scientist and artist co-mentorship of college students.
This expansion is intended to 1) grow regional community connections around art and science; 2) cultivate
VWXGHQWLQWHUHVWVLQFRPPXQLFDWLRQRIVFLHQFH DPXFKQHHGHGVSHFLDOW\  GLVVHPLQDWHVFLHQFH¿QGLQJV
NTL research to a broader regional audience; 4) develop communication outlets and user-bases that sustain
WKHQHWZRUNDQG VWULYHWRLQFOXGH¿UVWJHQHUDWLRQ1DWLYH$PHULFDQDQGXQGHUUHSUHVHQWHGSDUWLFLSDQWV
as mentors and students.

RELATED RESEARCH PROJECTS
NTL has a long history of leveraging other funding sources, projects, and data to enhance our research,
education, and outreach activities. We will continue to pursue these opportunities in the upcoming funding
cycle. However, with three exceptions, activities described in this proposal do not rely on existence
RU DFTXLVLWLRQ RI VXFK IXQGV7KH WKUHH H[FHSWLRQV LQYROYH SDUWQHUVKLSV ZLWK WKH:, '15:, '15 LV
UHVSRQVLEOHIRU¿VKFROOHFWLRQVWKDWDUHSDUWRISURSRVHGUHVHDUFKLQ  4DQG  ¿VKDGGLWLRQVLQ4
%RWKHIIRUWVDUHVSHDUKHDGHGE\:,'15VFLHQWLVWDQG17/VHQLRUSHUVRQQHO*UHJ6DVV7KLUGPRVWZDWHU
chemistry for YLD lakes has been analyzed at the Wisconsin State Laboratory of Hygiene through support
SURYLGHGE\:,'157KLVDUUDQJHPHQWKDVEHHQLQSODFHVLQFHZKHQ</'ODNHVZHUHEURXJKWLQWR
17/$OOFRPPLWPHQWVKDYHEHHQDSSURYHGE\8:DQG:,'15IRUWKHXSFRPLQJIXQGLQJF\FOH
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