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Introduction

The University of Wisconsin Water Resources Institute (WRI) serves as the gateway to federal Water
Resources Research Institute (WRRI) grants for all Wisconsin colleges and universities. While the WRI's
federal base funding from the U.S. Geological Survey totals less than $100,000 per year, every federal dollar
is matched with at least two nonfederal dollars. All WRRI grants are awarded on a competitive, peer-reviewed
basis. WRI funds are leveraged with additional funding from the UW System Groundwater Research
Program, part of Wisconsin's Groundwater Research and Monitoring Program. Faculty members and research
staff who have achieved PI status from any UW System campus are eligible to apply for this funding. Guided
by the Wisconsin Groundwater Coordinating Council (http://dnr.wi.gov/topic/groundwater/gcc/), this program
is the mechanism whereby the UW System and the state departments of Natural Resources, Safety &
Professional Services, and Agriculture, Trade & Consumer Protection pool limited state and federal resources
to support a coordinated, comprehensive and multidisciplinary response to the state's critical water resource
issues. Together, these programs have helped establish the University of Wisconsin as a national leader in
groundwater research. The Wisconsin WRI funds an average of 15 short-term research projects of either a
fundamental or applied nature that typically involve dozens of faculty, staff and students at a half-dozen
campuses around the state each year. By supporting short-term projects, the institute is able to quickly respond
to issues as they emerge. WRI annually provides about 30 graduate and undergraduate students in the UW
System with opportunities for training and financial support while they work toward their degrees.

WRI research and other water-related information is readily accessible via a website (www.wri.wisc.edu) and
the Water Resources Library (WRL), a nationally unique collection of documents covering every major water
resource topic. The library's catalog is available online and searchable via the Internet, making the WRL a
national and global resource. The WRL became the first academic library in the state to make its collection
available online to the public when it launched the "Wisconsin Water Library"
(www.aqua.wisc.edu/waterlibrary) in 2003. The portal permits Wisconsin residents to check out WRL books
and other documents free of charge via their local libraries.

WRI also helps organize and cosponsor state and regional conferences on water issues. The WRI is housed in
the UW-Madison Aquatic Sciences Center, which also houses the UW Sea Grant Institute, part of another
federal-state partnership of 33 university programs that promote research, education, and outreach on Great
Lakes and ocean resources. This unique administrative union of Wisconsin's federal Water Resources
Research Institute and Sea Grant programs enables the Aquatic Sciences Center to address the full range of
water-related issues in Wisconsin, from surface water to groundwater, from the Mississippi River to the
shores of Lakes Michigan and Superior.
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Research Program Introduction
Research Program Introduction

As established by Wisconsin's Groundwater Law of 1984, the state provides $270,000 annually to the UW
System to support groundwater research and monitoring. In 1989, WRI became the UW System's lead
institution for coordinating the proposal solicitation and review processes for prioritizing UWS groundwater
project funding. WRI's priorities for groundwater research are established annually by the Wisconsin
Groundwater Research Advisory Council (GRAC) made up of representatives from academia, federal and
state agencies, and the private sector. The GRAC convenes annually to set priorities and to review and make
recommendations to WRI on the selection of UW System-funded groundwater projects.

Also established in 1984, is the Wisconsin Groundwater Coordinating Council (GCC)
(http://dnr.wi.gov/topic/groundwater/gcc/) which is made up of representatives of state agencies with
groundwater protection responsibilities and state funding allocations, including the UW System and
departments of Natural Resources, Safety & Professional Services, and Agriculture, Trade, & Consumer
Protection. The GCC provides consistency and coordination among multiple state programs in funding
groundwater monitoring and research to meet various program needs. To better target groundwater research
funding, these state programs agreed to establish an annual Joint Solicitation for Wisconsin Groundwater
Research and Monitoring. This solicitation is coordinated jointly to facilitate proposal writing, streamline the
review process, curtail duplication, improve coordination among agencies and researchers, and enhance
communication among the agencies and among principal investigators. WRI plays a lead role in coordinating
the solicitation, a rigorous review process, project reporting and making all technical reports available through
our institute's library and website. Collectively, this annual joint solicitation has funded 454 groundwater
research and monitoring projects since its inception and has helped establish Wisconsin as an international
leader in groundwater research. In FY'15, 13 groundwater projects totaling over $537k were funded through
the Wisconsin Groundwater Research and Monitoring Program.

Although these projects are not funded with our 104(B) allocation, WRI is the administrator of the following
UW System state-funded research projects during the federal FY15. Below, we include these and other
non-UW System state-funded projects that were submitted, vetted, and selected through the Joint Solicitation
for the Wisconsin Groundwater Research and Monitoring Program:

State-funded projects through the Wisconsin Groundwater Research and Monitoring Program during state FY
2016 (July 1, 2015-June 30, 2016), including title, investigators, affiliation, contract period, funding agency,
and amount.

The Wonewoc and Tunnel City: A Potential Natural Source of Groundwater Contamination in Western &
Central Wisconsin. Jay Zambito, Michael Parsen, Patrick McLaughlin, UW-Extension. 7/1/15-6/30/16. UW
System. $27,195.

Long-term Alterations in Groundwater Chemistry Induced by Municipal Well Pumping. Jean Bahr, Madeline
Gotkowitz, UW-Madison and UW-Extension. 7/1/15-6/30/17. UW System. $11,711.

Phosphorus & Arsenic Sensors for Real Time Environmental Monitoring. Daniel Noguera, Marc Anderson,
UW-Madison. 7/1/15-6/30/17. UW System. $47,541.

Engaging Stakeholders to Improve the Use of Groundwater Flow Models for Decision Making. Kenneth
Genskow, Kenneth Bradbury. UW-Madison and UW-Extension. 7/1/15-6/30/16. UW System. $ 41,966.

Predicting the locations of nitrate removal hotspots at the groundwater-surface water interface in Wisconsin
streams. Robert Stelzer, UW-Oshkosh. 7/1/15-6/30/17. UW System. $18,205.
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Research Program Introduction

Assessment of Environmental Impacts of Geothermal Source Heat Exchange. Christopher Choi, David Hart
and James Tinjum, Wisconsin Geological and Natural History Survey. 7/1/2014 -6/30/16. UW System.
$40,649.

Hydrologic Impacts of the Loss of Wisconsin's Winter on Surface Water-Groundwater Interactions. Steven
Loheide, UW-Madison. 7/1/2014 -6/30/16. UW System. $37,414.

Effect of Source Chemistry on Mn-Bearing Solid Dissolution and Reactivity in Municipal Water Systems.
Matthew Ginder Vogel and Christina Remucal, UW-Madison. 7/1/2014 -6/30/16. UW System. $13,811.

An updated springs inventory for the State of Wisconsin. Kenneth Bradbury and Susan Swanson,
UW-Extension and Beloit College. 7/1/2014 -6/30/16. Department of Natural Resources. $97,455.

Meeting the Source Assessment Requirement under the RTCR: A Wisconsin pilot project. Sharon Long,
UW-Madison. 7/1/2014 -6/30/16. Department of Natural Resources. $61,052.

Monitoring and modeling support for groundwater management and policy in the Wisconsin Central Sands.
George Kraft, UW-Stevens Point. 7/1/2014 -6/30/16. Department of Natural Resources. $45,270.

Describing connected fracture flow with pressure waves oscillating flow interference testing. Michael
Cardiff, UW-Madison. 7/1/15-6/30/17. Department of Natural Resources. $63,670.

Evaluation of Quantitative Real Time PCR (qPCR) for the Measurement of E. coli in Well Water Samples.
Greg Kleinheinz, Nilay Sheth, UW-Oshkosh. 7/1/15-6/30/16. Department of Natural Resources. $ 31,548.

TOTAL - $537,487

Beginning in 2010, WRI's annual 104(B) allocation was used to expand the scope of the Joint Solicitation to
include research on the effects of climate change on Wisconsin's water resources. Priorities for climate change
research were established through a partnership between the WRI and the Wisconsin Initiative on Climate
Change Impacts (WICCI). Established in 2007, WICCI is a university-state partnership created to: (a) assess
and anticipate the effects of climate change on specific Wisconsin natural resources, ecosystems and regions;
(b) evaluate potential effects on industry, agriculture, tourism and other human activities; and (c) develop and
recommend adaptation strategies that can be implemented by businesses, farmers, public health officials,
municipalities, resource managers and other stakeholders. We believe these partnerships with other state
agencies provides WRI with the ability to fund highly relevant research and allows our limited funds for
104(B) to be leveraged to the fullest extent. WRI has funded five research projects related to these priorities
since 2010; two of these projects are included in this year's annual 104(B) report (Larson and Underwood,
Choi and Wu). WRI is now sponsoring WICCI's phase 2 with the goal of advancing climate adaptation
projects related to water resources challenges in Wisconsin.
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Climate Change Impacts on Stream Temperature and Flow: Consequences for Great Lakes Fish Migrations

Climate Change Impacts on Stream Temperature and Flow:
Consequences for Great Lakes Fish Migrations
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Report

2015 Annual Report

Reporting Period: 3/1/2014 - 2/28/2015

Project

WR11R002 - Climate Change Impacts on Stream Temperature and Flow: Consequences for Great Lakes Fish
Migrations

Principle Findings and Significance
Objective 1: Quantifying the historical timing of Great Lakes fish migrations in Wisconsin tributaries.

The US Fish and Wildlife Service collected a unique data set as part of their lamprey control program that included

data for multiple migratory species over a period of six decades. Our initial analyses indicated that 8 of 13 species
showed earlier peak spring migration dates through time. Earlier migration timing is consistent with the hypothesis
that ever-warmer spring temperatures are advancing fish spawning phenology.

We are now developing a spatiotemporal Bayesian hierarchical statistical model to quantify shifts in migration timing
simultaneously for multiple fish species. We have extracted Julian dates of the first and peak migration for each
species in each stream in each year, as well as NOAA’s remotely-sensed lake surface temperatures at the mouth
of 182 tributaries (1994-2011).

In the past year, our model development has focused on the date of the first fish observation. Rather than relying on
a single lake surface temperature measurement, we are defining the cue temperature regime based on the average
temperature during 15 days prior to the first migration day. We have extracted that information for white suckers in
every stream for 18 years of observations, yielding stream-specific cue regimes of lake surface temperatures. We
then use an approach called functional data analysis to identify the time period in each year that most closely
resemble the typical temperature cue-regime, and we designate the final day of that period as our estimated Julian
date of cue temperature. This approach performs well for most years (see examples in Figure 1).

The analysis reveals a clear trend; the cue temperature regime moves to earlier dates throughout the period from
1995-2011 (Figure 2a). At the same time, the actual migration data indicate earlier onsets over time (Figure 2b).
Importantly, merging these two findings shows a statistically significant relationship between the Julian day of actual
migration and the Julian day of the cue temperature regime in an individual river (Figure 2c) and across multiple
rivers.

We are now working to resolve two additional statistical challenges. First, it is likely that migratory fish are cuing on
stream temperatures—for which widespread data since 1950 do not exist—rather than the lake surface
temperatures that we have derived from satellite data. Second, the satellite data only cover the period from 1994 to
2012, which excludes much of the available fish migration data. Thus, we have obtained a century-long record of
water temperature in the St. Mary’s River near the outlet of Lake Superior at Sault St. Marie (SSM), and will create
a stream-specific relationship between SSM temperature and our remotely-sensed temperature. That relationship
will enable us to estimate the SSM temperature at which the stream-specific cue temperature occurs, and then use

http://aqua.wisc.edu/ASCAdmin/ReportWRI/Details/72[5/24/2016 12:25:48 PM]



Report

long-term SSM data as a surrogate to estimate the Julian data at which lake surface temperature would cue
historical migrations prior to 1994. In this way, we can extend the analysis of migration cue phenology back to 1950,
thereby matching the actual records of migration timing. As in Figure 2, this procedure will allow us to test whether
phonological shifts are attributable solely to temperature cue timing shifts, or may also reflect other considerations.
Moreover, we will then complete the analysis by using Bayesian hierarchical modeling to draw upon the complete
space-time mosaic of migration observations to estimate the overall rate of change of migration phenologies in
Great Lakes tributaries, and whether it varies systematically in space or across species.

There are no new results from 2014-2015 to report regarding Objectives 2 or 3.

Number of Personnel Involved
2 Participating faculty/staff
1 Supported post-docs

Students Supported

Name
Evan Childress

Affiliation
University of Wisconsin-Madison

Degree
PhD/DSci

Major/Specialization
Freshwater & Marine Science

Graduation
12/2014

Thesis Title
Cross-Ecosystem Delivery of Nutrients to Streams: The Role of Fish Migrations and Landscape Processes

Job Placement
Government

Conference Participation

Title
Society for Conservation Biology

Location
Missoula, MT

Dates
July 2014
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Number of supported students attending
1

Presentations by Staff
Conservation in novel aquatic ecosystems. Mcintyre, P.B., E.S. Childress & B. Kraemer

Presentations by Students
Conserving fish migrations for the sake of the stream. Childress, E.S. and P.B. Mclintyre

Title
Joint Aquatic Sciences Meeting (SFS & ASLO)

Location
Portland, OR

Dates
May 2014

Number of supported students attending
1

Presentations by Students
Effects of iteroparous fish migrations in streams. Childress, E.S. and P.B. Mclintyre

Journal Articles and Other Publications

Title
Conservation of Freshwater Fishes (book)

Type of Publication
Brochure, Fact Sheet or Poster (Peer-reviewed)

Complete Citation

Mclintyre PB, Reidy Liermann C, Childress E, Hamann EJ, Hogan J, Januchowski-Hartley SR, Koning AA, Neeson
TM, Oele DL, & Pracheil BM. 2015. Conservation of migratory fishes in freshwater ecosystems. In: Closs G,
Krkosek M, & Olden JD: Conservation of Freshwater Fishes. Cambridge University Press, Cambridge, UK.

Title
Freshwater Biology

Type of Publication
Book or Monograph (Peer-reviewed)

Complete Citation
Childress, E.S. and P.B. Mclintyre. 2015. Multiple nutrient subsidy pathways from a migration of iteroparous fishes.
Freshwater Biology 60: 490-499.

Title
Ecology of Freshwater Fish
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Type of Publication
Book or Monograph (Peer-reviewed)

Complete Citation
Childress, E.S., R. Papke, and P.B. Mclintyre. 2015. Spawning success and early life history of longnose suckers in
Great Lakes tributaries. Ecology of Freshwater Fish doi: 10.1111/eff.12220.

Title
Ecology

Type of Publication
Book or Monograph (Peer-reviewed)

Complete Citation
Childress E & Mclintyre PB. Life history traits modulate ecosystem-level effects of nutrient subsidies from fish
migrations. Ecology, in review.

Title
Transactions of the American Fisheries Society

Type of Publication
Book or Monograph (Peer-reviewed)

Complete Citation
Lyons J, Rypel AL, Rasmussen PW, Burzynski TE, Eggold BT, Myers JT, Paoli TJ, & McIntyre PB. Trends in the
reproductive phenology of two Great Lakes fishes. Transactions of the American Fisheries Society, in revision.

Awards and Achievements

Title
Graduate fellowship

Recipient(s)
Evan Childress

Awarded By
NSF IGERT: Conservation in Novel Ecosystems

Type of Award
Research

Description
Evan received a 2-year graduate fellowship to complete his degree as a fellow of the Novel Ecosystems IGERT
based in Forest & Wildlife Ecology at UW-Madison

Student Award?
Yes

Number of students receiving award
4
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Title
Malueg Award for Graduate Student Excellence

Recipient(s)
Evan Childress

Awarded By
Center for Limnology

Type of Award
Service

Description
This is the annual award for the graduate student in the CFL who best combines research excellence and
community citizenship

Student Award?
Yes

Number of students receiving award
1

Research Patent or Copyright
No research patents or copyrights reported.
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Project Summary

Title: Climate change impacts on stream temperature and flow: consequences for Great Lakes
fish migrations

Project ID: WR11R002

Investigator: Peter Mclintyre, Assistant Professor, Center for Limnology; Evan Childress, PhD
student, Freshwater & Marine Sciences

Period of Contract: March 1, 2011 through February 29, 2016

Background/Need: Having achieved consensus that Wisconsin’s air and water are warming
under global climate change (http://www.wicci.wisc.edu/), a key challenge now is to understand
the breadth of ecological impacts. Wisconsin citizens benefit greatly from the services provided
by water resources, and fisheries have particular cultural importance. Present understanding of
climate warming impacts on fish is based largely on thermal tolerances; effects on breeding
behavior and success are poorly known. Many important fish species migrate from the Great
Lakes into tributaries to breed every year, and potential cues for these migrations (temperature,
flow) are being altered by climate change. However, historical rates of change in migration
timing are unknown, the abiotic triggers of migrations remain uncertain, and ecosystem
responses to fish migrations have not been determined. This project addresses needs for both
scientific and public understanding of climate-driven shifts in the timing of Great Lakes fish
migrations, and their ecological implications.

Objectives: Objective 1: Quantify the historical timing of Great Lakes fish migrations into
Wisconsin tributaries. Objective 2: Monitor the current migration timing along a latitudinal
gradient of Wisconsin tributaries to identify threshold temperature and flow levels that trigger
the onset of migrations. Objective 3: Predict how the timing of migrations is likely to shift with
future climate change, and evaluate the implications from species to ecosystems.

Methods: To assess long-term trend in the timing of fish migrations across decades for a large
number of US tributaries of the Great Lakes, we mined the US Fish and Wildlife Service’s sea
lamprey electric barrier data for the period 1950-2011. These data include daily (or nearly)
records during the spring season for ~150 watersheds. However, few observation sets extend
>20 years in a single watershed. To take advantage of the spatial extent of these data while
minimizing the limitations arising from short time series per site, we developed a flexible
Bayesian hierarchical spatial regression model that quantifies spatial and temporal trends. The
model has two levels: a lower one that models the temporal trend in migration at each tributary,
and an upper one that models the spatial variation in the trends, thereby accounting for spatial
autocorrelation. The Julian day on which the maximum number of fish was observed provides
an index of timing, and we analyzed the anomaly from the long-term average for each stream.
Our work to date has focused on migratory species: white sucker and sea lamprey.

To understand the cues triggering migrations, we worked with Wisconsin DNR to identify 12
local citizens who recorded the arrival of suckers by checking a road crossing daily at a single
stream in 2011 and 2012. We measured daily temperature and discharge in each stream, enabling
us to analyze migration timing with respect to latitude, temperature, and discharge.

We planned to combine ecosystem monitoring and projections of stream flow and temperature to
assess the future timing and significance of migrations. Unfortunately, our USGS partners lost



funding for projections. To understand ecosystem responses to migrations, we conducted
detailed studies of migration dynamics, nutrient inputs, stream metabolism, and larval export.

Results and Discussion: We found that the timing of fish migrations into Great Lakes tributaries
is highly sensitive to water temperature, supporting the possibility that warming waters has and
will shift spring migrations toward earlier calendar dates. However, historical migration data
reveal more complex phenological shifts. For both suckers and lamprey, some locations are
seeing later migrations, while fish are moving earlier in others. Such variability contrasts with
general warming of the lake surface near every study stream from 1994-2011. Historical records
of stream temperatures during the spring are not available for most streams, making it difficult to
resolve the basis for complex shifts in timing. However, parallel work on lake-spawning species
also indicates variable effects on reproductive phenology.

Our citizen science network provided evidence that tributary temperature, not flow or lake
temperature, is the salient migration cue for suckers. The observed offset of migrations by ~10
days between southern and northern Wisconsin echoes differences in spring warming of streams.
Since stream temperatures track air temperatures, this form of cue has likely shifted across the
region by days-to-weeks over the last century. Equally importantly, our work offers the first
proof that citizen science can yield useful data on fish migration phenology.

We found strong evidence that migrations are key events in tributary ecosystem dynamics. As
thousands of suckers spawn and leave during a month-long run, they provide nitrogen and
phosphorus. These nutrients boost primary productivity, benefitting all stream biota. Larval
suckers pour out of river mouths in synchrony, creating a major food resource for predatory
fishes. Thus, these migrations play a key role in the annual productivity cycle of the ecosystem.

Implications: Though the timing of spawning migrations is changing in the Great Lakes, the
direction and magnitude of shifts is complex. Changes are expected to continue into the future,
potentially decoupling critical ecosystem processes that were previously synchronized. Such
phenological decoupling is a subtle yet profound threat to fisheries and ecosystem sustainability.

Related Publications:

Childress E & Mclntyre PB. 2016. Life history traits modulate ecosystem-level effects of
nutrient subsidies from fish migrations. Ecosphere, in press.

Childress ES, Papke R, & Mclntyre PB. 2016. Reproductive success and early life history of
suckers in Great Lakes tributaries. Ecology of Freshwater Fish, in press.

Childress E, & Mclintyre PB. 2015. Multiple nutrient subsidy pathways from a spawning
migration of iteroparous fish. Freshwater Biology 60: 490-499.

Lyons J, Rypel AL, Rasmussen PW, Burzynski TE, Eggold BT, Myers JT, Paoli TJ, & Mclntyre
PB. 2015. Trends in the reproductive phenology of two Great Lakes fishes. Transactions of
the American Fisheries Society 144 1263-1274.

Mclntyre PB, Reidy Liermann C, Childress E, Hamann EJ, Hogan J, Januchowski-Hartley SR,
Koning AA, Neeson TM, Oele DL, & Pracheil BM. 2015. Conservation of migratory fishes in
freshwater ecosystems. In Closs G, Krkosek M, & Olden JD: Conservation of Freshwater
Fishes. Cambridge University Press, Cambridge, UK.

Key Words: phenology, sucker, subsidy, nutrients, potamodromous, metabolism
Funding: WR11R002



INTRODUCTION

Having achieved consensus that Wisconsin’s air and water are warming under global climate
change (http://www.wicci.wisc.edu/), a key challenge for scientists now is to understand the
breadth of ecological impacts of climate change. Wisconsin citizens benefit greatly from the
numerous services provided by our water resources, and fisheries have particular cultural
importance. Present understanding of the likely effects of climate warming on fish ecology and
fisheries productivity is based largely on studies of thermal tolerances; little attention has been
directed toward impacts on the breeding behavior and success of important fish species. Many
of the key sportfish and non-game fishes of Wisconsin migrate from lakes and large rivers into
tributaries to breed every year. These migrations are triggered by temperature or flow cues
whose reliability and timing are being altered by climate change. Several initiatives are
underway to forecast shifts in these abiotic conditions, but the implications for the future of fish
migrations and the host of ecological and economic processes they support are unknown.
Moreover, the public at large struggles to understand the value of research on the
physicochemical effects of climate change. The abiotic-biotic coupling underlying fish
migrations offers an ideal opportunity for outreach that leverages broad public interest in fish and
fisheries. Thus, this project addressed needs for both scientific and public understanding of the
ecological impacts of climate-driven shifts in water temperature and flow using the timing of
Great Lakes fish migrations as a case study.

PROCEDURES AND METHODS

Obijective 1: To obtain a historical context for the timing of fish migrations, and to assess long
term trends across decades for a large number of US tributary rivers. The US Fish and Wildlife
Service collected a unique data set as part of their lamprey control program that included data for
multiple migratory species over a period of six decades. Our initial analyses indicated that 8 of
13 species showed earlier peak spring migration dates through time. Earlier migration timing is
consistent with the hypothesis that ever-warmer spring temperatures are advancing fish spawning
phenology. However, this pilot analysis suffered from low sample size at most sites.

To make best use of the incomplete matrix of observations across sites and years, we developed
a flexible Bayesian hierarchical statistical model to quantify shifts in migration timing
simultaneously across sites. This approach draws strength from the breadth and duration of
observations to inform inferences at any one site even in the absence of direct data. Our analyses
span a total of 182 tributaries from 1950-2011, though few observation sets extend >20 years in
a single watershed. The model has two levels: a lower one that models the temporal trend in
migration at each tributary, and an upper one that models the spatial variation in the trends,
thereby accounting for spatial autocorrelation. Initial model development focused on the date of
the first fish observation, but we discovered that this appears to be biased by variation in when
observations began each year. Thus, we focused solely on the timing of maximum migrant
densities for white suckers and sea lamprey, the two most abundant species in the dataset. We
used the anomaly from the long-term average for each stream to standardize observations across
sites before analysis.

Rather than relying on a single lake surface temperature measurement to identify the migration
cue, we defined the cue temperature regime based on the average temperature during 15 days
prior to the first migration day. We extracted that information for white suckers in every stream
for years where remote sensing data allowed it, then used functional data analysis to identify the
time period in every year of fish observations that most closely resemble the typical temperature
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regime to trigger a migration. The final day of that period was designated as the estimated Julian
date of cue temperature.

Objective 2: To identify the cues that trigger fish migrations using data derived from a citizen
science network of observers in Wisconsin. Citizen science is an effective way to engage citizens
and educate them about the local impacts of climate change. Additionally, it provides a
mechanism for collecting data simultaneously across a broad geographic range. We established
a volunteer monitoring network to observe the sucker migration along the Wisconsin shore of
Lake Michigan to determine the current migration phenology and evaluate migration cues.
Suckers were chosen because they are ubiquitous, abundant, and easily identifiable.

We collaborated with the WDNR and UW Extension volunteer monitoring program to identify
and contact potential volunteers. The USGS provided stream gauges that were installed in each
stream along with a temperature logger. Each volunteer was trained in fish identification, and an
observation site was chosen to maximize visibility and convenience.

In 2011, 20 volunteers monitored sucker arrival, temperature, and flow levels in 15 tributaries
spanning over 200 miles of Lake Michigan shoreline. In 2012, volunteers were again prepared
to monitor, but unfortunately the fish arrived two months prior to the 2011 arrival date. Thus,
our citizen monitoring had not yet been initiated when most migrations began, and we were
unable replicate the 2011 results. Nonetheless, data on phenology were collected
opportunistically at a few northern Wisconsin streams where the migration had not yet begun,
and in Green Bay through others project within our broader research team. We did not attempt
to reinstate citizen science monitoring in 2013 due to the need to pursue other project elements.

Objective 3: To predict how the timing of migrations is likely to shift with future climate change,
and evaluate the implications from species to ecosystems. This project element was envisioned
to include collaboration with USGS researchers on projecting future stream flow and temperature
patterns, as well as field research to quantify ecosystem responses to spring fish migrations.
Projections were not possible due to funding cuts to our colleagues at the USGS Wisconsin
Water Science Center, therefore we focused on measuring ecosystem dynamics during
migrations to understand the broader effects of shifting phenologies.

During the spring migrations in 2012 and 2013, we conducted a series of detailed studies on
stream metabolism (measured using time series of oxygen dynamics), nutrient inputs (measured
using water samples), algal growth limitation by light and nutrients (using nutrient diffusing
substrates), and larval sucker production (using drift nets).

RESULTS AND DISCUSSION
Historical phenologies

Based on lake surface temperature data, the cue temperature regime moved to earlier dates
throughout the period from 1995-2011 in most streams, suggesting that fish should be shifting to
earlier migration timing across the Great Lakes. However, the actual migration data indicate
both positive and negative trends in peak migration timing from 1950-2011 for both white
suckers and sea lamprey (Figure 1). There are geographic patterns evident, though they defy
simple summary.
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Figure 1. Spatial variation in the trend of migration timing for both species. The colour of each location reflects how many
days per year the migration is changing. On a decadal scale, a coefficient of 0.3 indicates a change of 3 days per decade.
Negative numbers in blue indicate a trend toward earlier migrations, while positive numbers in red indicate a trend toward

later migrations.

Our statistical model, the most complete and sophisticated to date, suggests extensive
heterogeneity in fish responses to climate change. Specifically, it is noteworthy that suckers and
lamprey in some regions appear to show strong shifts to later spring migrations, despite
consistent warming of lake temperatures (Figure 2). Further analyses are ongoing, therefore we

consider the current patterns to be preliminary.
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Figure 2. Scatter plots of Julian Day of the peak of migration at two rivers, each showing distinctive temporal trends. Brule
Rive is located toward the western edge of Lake Superior, while the Little Salmon River on Lake Ontario is located on the

eastern shores of the lake in New York.



The disparity between lake temperature trends fish migration timing underscores the need for
better stream temperature data. We have recently received four stream temperature records
(1950s to present) from USGS that we were unaware of, and we will couple these with the
century-long record from the outlet of Lake Superior at Sault St. Marie to assess whether this
heterogeneity derives from stream temperature shifts that diverge from lake temperature shifts.
Our Bayesian hierarchical model will then enable us to draw upon the space-time mosaic of
migration observations while also accounting for spatially variable shifts in stream temperatures.
We have not completed these analyses yet, but they will provide a state of the art perspective on
rates of change in fish migration timing. If the approach is successful for white suckers and sea
lampreys, we will repeat it for all other species in the database (e.g. walleye).

Migration cue determination through citizen science

o ] o 2 Heins Creek ! o 3
Our citizen science results from 2011 indicated that sucker & o Teme : © 5
arrival timing was closely linked with temperature but g = ' ow
. <o
showed no clear pattern relative to flow. Mean temperature & i 5
on the day of the first pulse of fish was 7.6° C (SD = 0.6) — 7177 °9
(e.g., Fig. 3). Despite the variability among sites in the start 18-Mar 7-Apr  27-Apr 17-May
date of the migration, water temperatures at the start of the Figure 3. Example of the timing of sucker
migration were highly consistent. In contrast, fish arrival ggﬂaﬁons relative to stream temperature in

was not associated with any particular hydrograph
component. In some streams, fish arrived during high
flows, but in others they arrived after long periods of
declining flows (Fig. 4). This indicates that migration
timing depends primarily on water temperature.

Figure 4. Examples of the timing of sucker
migrations relative to stream discharge in (a) Fish
Creek and (b) Oak Creek in 2011.

Ecosystem effects of sucker migrations

We found strong evidence that migrations are key events in tributary ecosystem dynamics. As
many as 12,000 suckers may spawn in a single small stream, though there is extensive variation
among watersheds. The size of runs does not accord clearly with watershed area or tributary
discharge, and we also observed moderate interannual variation. The reasons for these
differences remain unknown.
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