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Abstract: The United States Department of Agriculture Forest Service established three regional Institutes of Forest Genetics in
the United States in the 1950s to improve trees for reforestation and improve the management of forests. The institute in
Rhinelander, Wisconsin, started in 1956 as part of the Lake States Forest Experiment Station. Since that time, the “Rhine-
lander Lab” has undergone changes in research priorities, organizational changes, and name changes while becoming an
international center of forest scientific excellence. Many of the researchers’ key findings over the years were published in
the Canadian Journal of Forest Research. In this paper, for the 50th anniversary edition of the Journal, we reflect upon one part
of those accomplishments: the history of the contributions of Populus L. research at Rhinelander. We discuss major research
programs and the scientists conducting this work, including (i) physiology of wood formation, (ii) short rotation intensive
culture and short rotation woody crops, (iii) intensively cultured plantations, (iv) physiology and utilization of short rotation
poplar yields, (v) breeding and selection, (vi) biotechnology and molecular genetics, (vii) atmospheric pollution and climate
change, (viii) phytotechnologies, and (ix) ecosystem services. Also, we describe four major international conferences held in
Rhinelander and (or) hosted by Rhinelander researchers.

Key words: Aspen FACE, bioenergy, biofuels, biomass, carbon allocation, carbon dioxide, hybrid poplar, tropospheric ozone,
photosynthesis, phyto-recurrent selection, phytoremediation, poplar silviculture, water use efficiency.

Résumé : Dans les années 1950, le Service des forêts du département de l’Agriculture des �Etats-Unis a créé trois instituts
régionaux de génétique forestière aux �Etats-Unis pour l’amélioration des arbres destinés au reboisement et pour améliorer
l’aménagement des forêts. L’institut situé à Rhinelander, au Wisconsin, a été mis sur pied en 1956 en tant qu’organisme
affilié au Lake States Forest Experiment Station. Depuis ce temps, le laboratoire de Rhinelander a connu des changements
dans ses priorités de recherche, des changements organisationnels et des changements de nom tout en devenant un centre
international d’excellence scientifique en foresterie. Au cours des années plusieurs résultats clés des chercheurs ont été pub-
liés dans la Revue canadienne de recherche forestière. À l’occasion du 50e anniversaire de publication de la Revue, nous nous pen-
chons dans cet article sur une facette de ces accomplissements : l’histoire des contributions à la recherche sur Populus L. à
Rhinelander. Nous traitons des principaux programmes de recherche et des scientifiques qui effectuent ce travail, incluant :
(i) la physiologie de la formation du bois, (ii) la culture intensive à courte rotation et la ligniculture à rotation courte, (iii) les
plantations en culture intensive, (iv) la physiologie et l’utilisation de la production de peuplier à courte rotation, (v) la repro-
duction et la sélection, (vi) la biotechnologie et la génétique moléculaire, (vii) la pollution atmosphérique et le changement cli-
matique, (viii) les phytotechnologies, et (ix) les services de l’écosystème. De plus, nous décrivons quatre conférences
internationales majeures tenues à Rhinelander et organisées par les chercheurs de Rhinelander. [Traduit par la Rédaction]

Mots-clés : système expérimental d’enrichissement en dioxyde de carbone à l’air libre, bioénergie, biocarburant, biomasse,
allocation du carbone, dioxyde de carbone, peuplier hybride, ozone troposphérique, photosynthèse, sélection phytorécurrente,
phytoremédiation, sylviculture du peuplier, efficacité de l’utilisation de l’eau.

Introduction
At the end of the 19th century and beginning of the 20th cen-

tury, the forests of the northern Lake States of the United States
were heavily logged for lumber for rapidly expanding eastern
cities (Rudolf 1985). World War I interrupted reforestation that
took place in the beginning of the century. Additional reforesta-
tion began in the 1930s during the economic depression but was
interrupted by World War II. During the postwar era, a second
and third wave of cutting occurred to support the paper industry,
leaving a massive denuded forest landscape (Rudolf 1985). After

the wars, there was a major emphasis on fighting hunger in the
world through plant genetics called the Green Revolution, led by
Nobel laureateN.E. Borlaug (Borlaug 2007). His success soon carried
over to forestry, with an emphasis on improving trees and forests
for reforestation and forestmanagement (Wheeler et al. 2015).
Successes in agriculture led the United States Department of

Agriculture Forest Service (USDA FS) to establish three new re-
gional Institutes of Forest Genetics in the United States in the
1950s. These institutes were in Placerville, California; Gulfport,
Mississippi; and Rhinelander, Wisconsin. The mission of these
institutes was to conduct studies to improve trees for reforestation
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Table 1. Timeline of major milestones at the United States Department of Agriculture Forest Service (USDA FS), Forestry Sciences Laboratory in
Rhinelander, Wisconsin, organized by Populus research programs, projects, or lines of science and scientist(s) (as highlighted in this paper).

Year Milestone Scientist(s)

Project: Genetics of Northern Forest Trees
1956 Institute of Forest Genetics (IFG) established in Rhinelander, Wisconsin H. Nienstaedt, P.R. Larson
1957 Greenhouse (headhouse) erected at current site H. Nienstaedt, P.R. Larson
1960 Main laboratory building erected H. Nienstaedt, P.R. Larson
1964 B.E. Haissig joined H. Nienstaedt’s genetics project B.E. Haissig
1966 USDA FS reorganized Forest Experiment Stations; Rhinelander IFG became

part of North Central Forest Experiment Station; renamed Forestry Sciences
Laboratory

Project: Physiology ofWood Formation
1962 P.R. Larson awarded first Pioneering Scientist status; new wood formation

project established
P.R. Larson

1965 J.C. Gordon joined P.R. Larson’s wood formation project J.C. Gordon
1968 J.G. Isebrands joined P.R. Larson’s wood formation project J.G. Isebrands
1969 D.I. Dickmann joined P.R. Larson’s wood formation project D.I. Dickmann
1970 R.E. Dickson replaced J.C. Gordon and joined P.R. Larson’s wood formation

project
R.E. Dickson

1971 P.R. Larson and J.G. Isebrands published first-ever paper in the Canadian Journal
of Forest Research (Larson and Isebrands 1971)

P.R. Larson, J.G. Isebrands

Program: MaximumYield and Intensive Culture of Planted Stands
1971 D.H. Dawson became ProgramManager of newmaximum yield program D.H. Dawson
1971 J. Zavitkovski joined D.H. Dawson’s maximum yield program J. Zavitkovski
1972 US Department of Energy (USDOE) partnered with USDA FS on short rotation

woody crop (SRWC) development; Harshaw Experimental Farm purchased in
Harshaw, Wisconsin

D.H. Dawson

1977 Two new projects added to D.H. Dawson’s maximum yield program: (i) Intensively
Cultured Plantations for Fiber and Energy led by J. Zavitkovski and (ii) Physiology
and Raw Material Evaluation of Intensively Cultured Plantations led by
J.G. Isebrands

D.H. Dawson, J. Zavitkovski,
J.G. Isebrands

1983 USDA FS poplar research projects closed or temporarily phased out; poplar
research continued with USDOE funding

D.H. Dawson

Project: Intensively Cultured Plantations for Fiber and Energy
1983 E.A. Hansen assumed leadership of J. Zavitkovski’s fiber and energy project E.A. Hansen
Late 1980s –
early 1990s

E.A. Hansen and D.A. Netzer established regional field testing network E.A. Hansen, D.A. Netzer

Project: Physiology and RawMaterial Evaluation of Intensively Cultured Plantations
1982 North American Poplar Council Meeting held in Rhinelander (Table 2) J.G. Isebrands
Late 1970s –
early 1980s

N.D. Nelson, J.B. Crist, and J.E. Phelps joined J.G. Isebrands’ physiology and raw
material project

N.D. Nelson, J.B. Crist, J.E. Phelps

1985–1986 J.G. Isebrands went on sabbatical at University of Washington; collaborated
with world-renowned poplar researchers and graduate students who become
world leaders in poplar development; later applied information learned to
the North Central region

J.G. Isebrands, R.F. Stettler,
P.E. Heilman, R. Ceulemans,
G.E. Scarascia-Mugnozza,
A.L. Friend, T.M. Hinckley

Program: Biotechnology
1983 N.D. Nelson left J.G. Isebrands’ physiology and rawmaterial project and

became ProgramManager of new biotechnology program
N.D. Nelson

1983 B.E. Haissig joined N.D. Nelson’s biotechnology program as the Project Leader
and lead scientist

B.E. Haissig

1983–1984 D.E. Riemenschneider and C.H. Michler joined N.D. Nelson’s biotechnology
program

D.E. Riemenschneider, C.H. Michler

1992 R.A. Donahue joined N.D. Nelson’s biotechnology program R.A. Donahue
2000 Biotechnology research ended at Rhinelander

Project: Ecophysiological Processes of Northern Forest Ecosystems
1986 J.G. Isebrands became Project Leader of new project on the establishment and

early growth of northern forest species (at the time, no poplar focus)
J.G. Isebrands

1986 R.E. Dickson joined J.G. Isebrands’ ecophysiological processes project R.E. Dickson
1989 IUFRO Canopy Processes Working Party 20.010.12 Meeting held in Rhinelander

(Table 2)
J.G. Isebrands

1990 M.D. Coleman joined J.G. Isebrands’ ecophysiological processes project M.D. Coleman
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and improve the management of forests. In Rhinelander, the locally
known Forest Genetics Lab (hereafter referred to as the Lab), which
was part of the USDA FS Lake States Forest Experiment Station, was
established in 1956 in a single rented office in a local bank building
(Table 1). The first staff members were two forest scientists trained

at Yale University: H. Nienstaedt, a geneticist from Denmark, and
P.R. Larson, a plant physiologist and former World War II Navy
fighter pilot from Minnesota. In 1957, a greenhouse (headhouse)
was erected on administrative lands of the Nicolet National Forest
west of Rhinelander with financial support from the Rhinelander

Table 1 (concluded).

Year Milestone Scientist(s)

1991 J.G. Isebrands’ northern forest species project was rebranded as the
Ecophysiological Processes of Northern Forest Ecosystems to include poplars,
atmospheric pollution, and climate change

J.G. Isebrands

1992 D.E. Riemenschneider joined J.G. Isebrands’ ecophysiological processes project
and led USDA FS contributions to regional tree improvement efforts,
including partnerships with regional and national poplar experts (ongoing
until 1998, when D.E. Riemenschneider led new project on sustainable
intensive forestry)

D.E. Riemenschneider, R.B. Hall,
B.G. McMahon, B.J. Stanton

Project: Physiological Mechanisms of Growth andMultiple Stress Responses
1992 J.G. Isebrands became Project Leader of new project on physiological

mechanisms of growth and multiple stress responses
J.G. Isebrands

1992 R.E. Dickson joined J.G. Isebrands’ physiological mechanisms project R.E. Dickson
1992 USDOE began funding research on physiological process modeling of poplars J.G. Isebrands
1995 R.S. Zalesny Jr. joined J.G. Isebrands’ physiological mechanisms project R.S. Zalesny Jr.
1995 Free-Air Carbon Dioxide Enrichment (aka Aspen FACE) experiment established

at the Harshaw Experimental Farm
J.G. Isebrands, R.E. Dickson,
M.D. Coleman, D.F. Karnosky

2000 IPC 2000, 21st Session of the International Poplar Commission held in
Vancouver, Washington, and hosted by J.G. Isebrands

J.G. Isebrands

Early 2000s M.E. Kubiske assumed leadership of J.G. Isebrands’ physiological mechanisms
project

M.E. Kubiske

2004 N.D. Nelson returned to the USDA FS and assumed leadership of M.E. Kubiske’s
physiological mechanisms project and Aspen FACE experiment

N.D. Nelson

Project: Genetic and Silvicultural Systems for Sustainable Intensive Forestry
1998 D.E. Riemenschneider became Project Leader of new project on genetics and

silvicultural systems for sustainable intensive forestry
D.E. Riemenschneider

1998 R.S. Zalesny Jr. joined D.E. Riemenschneider’s intensive forestry project R.S. Zalesny Jr.
1998–2002 D.E. Riemenschneider continued USDA FS leadership in regional poplar

improvement efforts
D.E. Riemenschneider, R.S. Zalesny Jr.,
R.B. Hall, B.G. McMahon,
A.A. Mahama,W. Berguson

Lines of Science: Phytotechnologies and Ecosystem Services
1999 Phytotechnologies research began at the Lab; collaboration with L.M.

Westphal in Chicago, Illinois
J.G. Isebrands, L.M.Westphal

1999 First long-term, field-based phytotechnologies project at Rhinelander (former
City of Rhinelander Landfill)

J.G. Isebrands, D.E. Riemenshneider,
E.O. Bauer, R.S. Zalesny Jr.

2003 Second long-term, field-based phytotechnologies project at Rhinelander
(Oneida County Landfill)

R.S. Zalesny Jr.

2008–present R.S. Zalesny Jr. assumed leadership of SRWCs lines of science; priorities shifted
from biomass production to phytotechnologies and ecosystem services

R.S. Zalesny Jr.

2016–present With support from the Great Lakes Restoration Initiative (GLRI), R.S. Zalesny Jr.
established a regional phytotechnologies network consisting of 16
phytoremediation buffer systems (i.e., phyto buffers) in Lake Superior and
Lake Michigan watersheds; this is largest known replicated
phytotechnologies field experiment in the world

R.S. Zalesny Jr.

2018 2018Woody Crops International Conference held in Rhinelander (Table 2) R.S. Zalesny Jr.

Project: Institute for Applied Ecosystem Studies
2007 USDA FS North Central and Northeastern Research Stations merged to

establish USDA FS Northern Research Station; N.D. Nelson became Project
Leader of new integrated project: the Institute for Applied Ecosystem
Studies; SRWCsmajor research line of science within the Institute

D.E. Riemenschneider, N.D. Nelson,
D.A. Netzer, R.S. Zalesny Jr.

2009 M.E. Kubiske oversaw full-scale harvest of Aspen FACE experiment M.E. Kubiske
2010 Aspen FACE experiment ended M.E. Kubiske
2011–2020 E.J. Gustafson led efforts to scale Aspen FACE results to larger temporal and

spatial scales
E.J. Gustafson
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Paper Company. The main laboratory building was erected in 1960
(Rudolf 1985) (Fig. 1).
Since 1960, USDA FS research programs have undergone a se-

ries of mission changes that reflect budget allocations according
to national forestry priorities, as well as politics and economics.
For example, there has been a decrease in forest products har-
vesting and an increase in wilderness, and endangered forest eco-
system preservation along with a major increase in recreational
use on National Forests. At the same time, there has been an
interrelated change in forest economics as international trade of
forest products has increased. The Institute of Forest Genetics in
Placerville remains today with the same name and is part of the
USDA FS Pacific Southwest Research Station; climate change, bio-
diversity, and ecosystem services are the Institute’s focus. The fa-
cility of the Institute of Forest Genetics in Gulfport has been
closed because of budget priorities; however, the Institute
remains part of the USDA FS Southern Research Station located
at the Harrison Experimental Forest north of Gulfport. The Lab in
Rhinelander remains today after a series of building additions
(Fig. 2), organizational changes, and name changes while becom-
ing known internationally as a center of forest scientific excel-
lence. Much of the early extensive forest science accomplishments
produced at the Lab were published in the Canadian Journal of Forest
Research. In this paper, for the 50th anniversary edition of the Jour-
nal, we reflect upon one part of those accomplishments: the his-
tory of the contributions of Populus L. research and the USDA FS
scientists behind this research at Rhinelander.

Physiology of wood formation
In the early years, the primary research program focused on

the “Genetics of Northern Forest Trees”. That focus began to
change over time as tree planting in the North Central region
of the United States declined markedly. Few of the improved
Picea A. Dietr., Pinus L., Larix Mill., Betula L., or Quercus L. trees
developed by Lab scientists were planted. Nevertheless, Larson’s
lines of science shifted as his innovative thesis work on the effects
of tree crowns on wood formation in southern pines soon became

known internationally (Larson 1962, 1963). In recognition of this
cutting-edge research, USDA FS Research and Development
awarded Larson the first agencywide “pioneering scientist” desig-
nation in 1962. This status gave Larson creative liberty to pursue
new lines of science, and the “Physiology of Wood Formation”
project was born. This project laid the foundation for expanding
the Lab’s personnel and plant physiology laboratory capabilities.
Based on scientific findings from agriculture, Larson’s initial
research focused on the association between how leaves and the
photosynthetic surface area are intimately associated with tree
growth and productivity (Milthorpe 1956).
Larson first studied wood formation in naturally occurring and

planted larches (Larix spp.) and red pine (Pinus resinosa Aiton) in
the Lake States. In 1965, J.C. Gordon, a biochemistry-trained plant
physiologist from Iowa State University, was the first scientist to
join the project. They first published on photosynthetic properties
of red pine (Gordon and Larson 1968). However, their research
focus switched in response to national trends towards planting
faster-growing deciduous genera such as Platanus L. (planetrees such
as American sycamores) and Populus (cottonwoods, poplars, aspens,
and their hybrids; hereafter referred to as poplars) (McAlpine et al.
1966; Schreiner 1970). They chose the genus Populus because of its
rapid growth, ease of propagation, and wide natural range.
Their first publication on poplars was on leaf development and
photosynthesis in eastern cottonwood (Populus deltoides W. Bar-
tram ex Marshall) because those physiological properties influ-
enced productivity (Larson and Gordon 1969a). That same year,
Larson and Gordon published a pivotal paper on how a physio-
logical approach could be used to increase wood yield per hec-
tare (Larson and Gordon 1969b). This new approach formed the
scientific groundwork for the future establishment of the multi-
project research program named “Short Rotation Intensive Cul-
ture” at the Lab, discussed in the next section.
In 1968, the “Physiology of Wood Formation” project expanded

to include anatomical investigations. At that time, J.G. Isebrands,
who was trained on the physiology of wood formation andmicros-
copy at Iowa State University and the USDA FS Forest Products

Fig. 1. Plaque commemorating the establishment of the United States Department of Agriculture Forest Service (USDA FS), Lake States
Forest Experiment Station, Northern Institute of Forest Genetics in Rhinelander, Wisconsin, USA, on 30 September 1960. The plaque is
still mounted on the wall of the facility. Photograph taken by E.R. Rogers and used with permission.
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Laboratory in Madison, Wisconsin, joined the team. Isebrands and
Larson developed amethod to standardize trees at different develop-
mental stages across trees and studies and to predict developmental
processes nondestructively for poplars. The method, inspired by
Erickson and Michelini (1957), was called leaf plastochron index,
known as LPI. Around this time, J.L. Farrar of the University of
Toronto asked Larson if he had any work ready for publishing in his
new scientific journal, the Canadian Journal of Forest Research. A
description of the LPI method was published as the first article in
the Journal (Larson and Isebrands 1971), and poplar scientists have
continued to use the index extensively around theworld ever since.
One of the initial scientists to use the LPI for poplar study was

Larson’s first postdoctoral scientist, D.I. Dickmann from the Univer-
sity ofWisconsin –Madison. Dickmann conductedworked onphoto-
synthesis of the developing leaf zone of cottonwood (Dickmann
1971a, 1971b) during his tenure at the Lab from 1969 to 1970. After
leaving the Lab, he devoted his career to the study of poplar physiol-
ogy and culture at Iowa State University and then at Michigan State
University. He authored two books on poplar culture (Dickmann
and Stuart 1983; Dickmann et al. 2001) and a major review of the
silviculture andbiology of short rotationwoody crops (SRWCs) (Dick-
mann 2006) and became aworldwide authority on poplar taxonomy
(Dickmann andKuzovkina 2014).
In 1970, the Lab’s physiology research expanded to investigations

of source–sink (Dickson and Larson 1975) and carbon–nitrogen
(Dickson 1987) relations in poplar with the addition of R.E. Dickson, a
biochemistry-trained physiologist from the University of California –

Berkeley, who replaced Gordon. At that time, Gordon left the USDA
FS topursue an academic career at IowaStateUniversity, OregonState
University, and Yale University, where he eventually became theDean
of theYale School of Forestry.Gordon continued topublish about pop-
lar physiology and culture throughout his career (Gordon 1975, 2001).
Dickson was in Larson’s project until 1984. Over the years, Isebrands
and Larson published extensively on the anatomy of the primary–sec-
ondaryword formation in stems of cottonwood (Larson and Isebrands
1974) and the ontogeny of vascular traces in cottonwood leaves in rela-
tion to the stem (Isebrands and Larson 1980). Isebrands left in 1977 to
establish a new project at the Lab on the “Physiology of Yield in
Poplars”.
In his remaining years with the USDA FS, Larson studied the

establishment of the early vascular system in cottonwood seed-
lings (Larson 1979) and the interrelations of phyllotaxis of leaf
development to the primary–secondary transition zone in cot-
tonwood (Isebrands and Larson 1980). He also mentored numer-
ous postdoctoral scientists studying the vascularization of other
plant species, with emphasis on the relationships of leaf develop-
ment to wood formation (Larson 1985). After retirement in 1986,
Larson spent a number of years writing a treatise on the vascular
cambium and its development and structure (Larson 1994). The
book remains the most comprehensive review on the cambium
to date and summarizes his lifelong research on the subject.

Short rotation intensive culture and short rotation
woody crops
In 1966, the USDA FS reorganized their Forest Experiment Sta-

tions, and the Rhinelander Institute of Forest Genetics became
part of the North Central Forest Experiment Station (USDA FS
NCFES) and was later renamed the Forestry Sciences Laboratory
(Fig. 3) to reflect its broader national mission. In the early 1970s,
there was a projected wood shortage in the United States because
demand for wood was greater than what was being produced in
forests, and more forest lands were being set aside for other uses.
As a result, in 1971, the USDA FS NCFES created a multiproject
research program named “Maximum Yield and Intensive Culture
of Planted Stands” at the Lab. The program’s mission was to
explore the potential of short rotation intensively managed tree
plantings for maximum commercial wood production per hec-
tare. Scientists from multiple disciplines were involved, includ-
ing genetics, physiology, silviculture, pathology, economics, and
mensuration. The program mission was based upon the concept
of improving the efficiency of wood formation through physiol-
ogy and genetics principles as in agronomic crops outlined by
Larson and Gordon (1969b). This approach was also being tested
in other parts of the United States and Canada (McAlpine et al.
1966; Smith and Blom 1966; Schreiner 1970; Heilman et al. 1972).
D.H. Dawson, a tree geneticist from the “Genetics of Northern

Forest Trees” project at the Lab who was trained at Michigan
State University, became the programmanager. The objectives of
the early studies were to test if selected woody species could be
grown under optimum conditions of water, nutrients, and weed
control at close spacing to produce more wood per hectare over
time than traditional forest management systems (USDA FS
1976). The first species tested were jack pine (Pinus banksiana
Lamb.), tamarack (Larix laricina (Du Roi) K. Koch), and hybrid pop-
lars. The conifers were from local improved seed sources, and the
hybrid poplars were imported from poplar programs in Saskatch-
ewan and Ontario, Canada (Richardson et al. 2007). The first ex-
perimental plantings were established in small plots in the
nearby Hugo Sauer Nursery in Rhinelander. The first scientist
assigned to the project was J. Zavitkovski, a plant ecologist from
the former Czechoslovakia.
In 1972 and 1973, there was a worldwide oil embargo that

increased the need for producing woody biomass from SRWCs
for wood and energy. The shortage of oil during this time led

Fig. 2. USDA FS, Forestry Sciences Laboratory in Rhinelander,
Wisconsin, USA, in 1990 (upper photograph) and 2000 (lower
photograph). Photographs courtesy of J.G. Isebrands.
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multiple government agencies to initiate new research on alter-
native energy sources from woody biomass. Thus, the United
States Department of Energy (USDOE) became involved with the
ongoing USDA FS research program on SRWCs at the Lab. With
USDOE’s support, in 1972, the USDA FS purchased the Harshaw
Experimental Farm (currently the West Unit of the Rhinelander
Experimental Forest) located 20 km west of the Lab to establish
larger experimental plantings. This cooperative venture was the
beginning of a long-term partnership with USDOE in the study of
SRWCs. The USDOE SRWCs program was initially administered
by the Biomass Production Program, which was later renamed as
the Biomass Feedstock Development Program at Oak Ridge
National Laboratory, Oak Ridge, Tennessee.
Wood production was promising based on small plot trials in

the first 5 years, and poplars were the most productive (USDA FS
1976; Zavitkovski et al. 1976). However, there were many questions
yet to be answered, including the choice of which poplar genotypes
to plant, tree spacing, insect and disease issues, utilization of juve-
nile woody material, and economics. To address these knowledge

gaps, in 1977, the USDA FS NCFES established two cooperating
research projects at the Lab under the direction of ProgramManager
Dawson. The projects were “Intensively Cultured Plantations for
Fiber and Energy” directed by Zavitkovski and “Physiology and Raw
Material Evaluation of Intensively Cultured Plantations” directed by
Isebrands.

Intensively cultured plantations
The new “Intensively Cultured Plantations” project was estab-

lished to identify silvicultural prescriptions that would increase
yield of poplars grown for fiber and energy. Early work of the pro-
ject focused on optimal spacing, vegetation management, fertil-
ization, and managing for pests and insects, under the direction
of Zavitkovski. His findings on the extent of “edge effects” of
small poplar research trials are still used to inform research and
applications (Zavitkovski 1981). In 1983, E.A. Hansen, a research
forester at the Lab, took over leadership of the project and, start-
ing in 1987, expanded Zavitkovski’s foundational research. In
particular, Hansen and D.A. Netzer, a research forester at the Lab,
established regional field testing networks throughout Minne-
sota, Iowa, Wisconsin, and Michigan, which took place through
the early 1990s. Many poplar researchers from the Lab reported
field performance from these plantings at various stages of devel-
opment (Hansen 1991, 1992; Hansen et al. 1994; Netzer et al. 2002).
These biomass systems, originally established to test their poten-
tial as bioenergy feedstocks, were later sampled for evaluations
of ecosystem services (see Ecosystem services). In addition to con-
tinuing assessments of edge effects (Hansen 1981), optimal spacing
(Strong and Hansen 1993), harvest cycles (Strong 1989; Tolsted and
Hansen 1992), and other silvicultural prescriptions at field scale
(Hansen et al. 1993; Hansen 1994), Hansen’s work also focused on ge-
notype � environment interactions and the identification of geo-
graphically robust genotypes versus those that were better adapted
to particular supplysheds. Coupled with existing poplar breeding
programs at theUniversity of Illinois (led by J. Jokela) and theUniver-
sity of Minnesota (led by C. Mohn), information on the regional per-
formance of poplar clones provided by these institutions formed the
basis of future poplar breeding and selection that is described in the
Breeding and selection section of this paper.

Physiology and utilization of short rotation
poplar yields
The goals of the new project on “Physiology and Raw Material

Evaluation of Intensively Cultured Plantations” were based on
the premise that understanding how poplars grow would allow
researchers to improve their yield (Kramer 1956). Another objec-
tive was to maximize the harvestable yields into useable end
products. These objectives were a major focus of the North Amer-
ican Poplar Council Meeting held in Rhinelander in 1982, which
was one of four major international conferences hosted by Lab
scientists (Table 2).
The project began with a focus on understanding the relation-

ship of poplar leaf production and photosynthetic processes to
wood yields outlined by Larson and Isebrands (1972). The first sci-
entist to join the project was N.D. Nelson, a plant physiologist
who trained at the University of Wisconsin – Madison and trans-
ferred from the USDA FS Forest Products Laboratory. Soon after,
J.B. Crist, a wood scientist who trained at Virginia Tech University
and transferred from the Economics Unit at the USDA FS NCFES
in Duluth, Minnesota, joined the team, followed by a postdoc-
toral wood scientist, J.E. Phelps from the University of Missouri.
Nelson’s work focused on photosynthesis, photosynthate produc-

tion, and leaf area development under controlled environments and
field conditions. He demonstrated important differences in photo-
synthetic processes across these controlled and natural settings
(Nelson and Ehlers 1984). Nelson and Isebrands also studied
crown architecture of poplars in relation to productivity (Nelson

Fig. 3. Signs of the USDA FS, North Central Forest Experiment
Station, Forestry Sciences Laboratory (upper photograph; taken
by R.S. Zalesny Jr.) and Northern Research Station, Institute for
Applied Ecosystem Studies (lower photograph; taken by E.R. Rogers
and used with permission) in Rhinelander, Wisconsin, USA.
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et al. 1981; Isebrands and Nelson 1982). High growth rate in poplars
was attributed to elevated photosynthetic rates, leaf area index,
and late-season leaf retention resulting in high annual whole-tree
photosynthesis (Nelson and Isebrands 1983). An important develop-
ment during this work was adapting laboratory radiotracer meth-
ods for field studies of photosynthate distribution in poplars. A
synopsis of their work on yield physiology in short rotation poplars
was published (Isebrands et al. 1983). Nelson left the project in 1983

to pursue biotechnology leadership opportunities at the Lab (see
Biotechnology andmolecular genetics).
The forest products industry at the time was concerned that

wood produced from short rotation poplar systems would not be
acceptable for many traditional products because of the high per-
centage of juvenile wood and bark of the harvested material.
Industrial specialists also were concerned that piece size was too
small for those products, which was not as important for those

Table 2. Scientific conferences that had substantial leadership from the USDA FS, Forestry Sciences Laboratory in Rhinelander, Wisconsin.

North American Poplar Council Meeting, 20–22 July 1982, Rhinelander, Wisconsin, USA
Sponsors Poplar Council of North America (Canada, United States); USDA FS, North Central Forest Experiment Station
Goal Provide a forum for North American poplar researchers to share their latest research results
Theme Improving Cottonwood and Hybrid Poplar Plantings for Wood and Energy
Technical sessions (i) Planting poplars, (ii) maintaining poplars, (iii) growth and yield, (iv) coppicing, (v) insect and disease problems,

(vi) harvesting, (vii) utilization potential, (viii) biomass and energy, and (ix) economics of energy plantings
Fast facts 25 presentations
Published outputs Zavitkovski and Hansen (1982)

IUFRO Canopy ProcessesWorking Party Meeting, 25–29 September 1989, Rhinelander, Wisconsin, USA
Sponsors International Union of Forest Research Organizations (IUFRO) Working Party 20.010.12 (Canopy Processes); USDA FS,

North Central Forest Experiment Station
Goal Review research on structure–functional relationships in tree crowns and canopies to better understand processes of

tree and forest growth
Theme Dynamics of Ecophysiological Processes in Tree Crowns and Forest Canopies
Technical sessions (i) Crown architecture and canopy structure, (ii) structure–functional relationships of branches, (iii) photosynthesis

and respiration of tree crowns, (iv) carbon allocation and budgets, (v) carbon and nitrogen interactions in tree
crowns, and (vi) stress effects on crown processes (including pests)

Fast facts 27 conference papers published as 7th volume of Tree Physiology; 3-day field tour of Wisconsin forest ecotypes
Published outputs Isebrands et al. (1990)

IPC 2000, 21st Session of the International Poplar Commission, 24–28 September 2000, Vancouver, Washington, USA (hosted by the
Rhinelander Lab)

Sponsors International Poplar Commission (IPC) of the Food and Agriculture Organization (FAO) of the United Nations; Poplar
Council of the United States; Poplar Council of Canada; Canadian Forest Service; USDA FS

Goal Disseminate research results and highlight research activities on poplar and willow breeding, diseases, insects,
production, and utilization

Theme Poplar andWillow Culture: Meeting the Needs of Society and the Environment
Technical sessions (i) Poplar and willow genetics, conservation, and improvement; (ii) poplar and willow diseases; (iii) poplar and willow

insect and animal pests; (iv) production systems and environmental applications for poplars and willows; and
(v) logging and utilization of poplar and willow wood

Fast facts 220 presentations; 250 participants from 31 countries; 12 papers published in special issue of The Forestry Chronicle;
two books published

Published outputs Isebrands and Richardson (2000, 2001, 2014); Dickmann et al. (2001)

2018Woody Crops International Conference, 22–27 July 2018, Rhinelander, Wisconsin, USA
Sponsors Short RotationWoody Crops OperationsWorking Group; Poplar andWillow Council of Canada (led by

R.Y. Soolanayakanahally (Saskatoon Research and Development Centre, Saskatoon, Saskatchewan, Canada) and
J. Richardson (Poplar andWillow Council of Canada, Ottawa, Ontario, Canada)); IUFROWorking Party 20.080.04
(Physiology and Genetics of Poplars andWillows); IUFROWorking Party 10.030.00 (Short Rotation Forestry);
International Energy Agency Task 43 (Biomass Feedstocks for Energy Markets); IPC FAO Environmental and
Ecosystem Services Working Party (WP5); USDA FS, Northern Research Station

Goal Unite world-leading SRWC researchers at a forum designed to enhance information exchange while also building a
platform for developing future collaboration around SRWC production systems

Theme Short RotationWoody Crop Production Systems for Ecosystem Services and Phytotechnologies
Technical sessions (i) Genetics and physiology; (ii) phytotechnologies; (iii) stakeholders, bioproducts, harvesting, and logistics; (iv) biomass

production; and (v) ecosystem services
Fast facts 38 presentations; 80 participants from nine countries; 38 abstracts and 16 papers published in special issue of Forests

(as manuscripts and compiled into a book); technical plenary presentations from four international speakers
(B.R. Thomas (University of Alberta, Alberta, Edmonton, Canada); A. Pilipovi�c (University of Novi Sad, Novi Sad,
Serbia); J. Van Acker (University of Ghent, Ghent, Belgium); B. Kuliši�c (Energy Institute Hrvoje Požar, Zagreb,
Croatia)); dinner keynote on the history of Populus at the Rhinelander Lab (i.e., the basis of this current paper)
(J.G. Isebrands, Environmental Forestry Consultants, New London, Wisconsin, USA); 2-day poplar tree improvement
preconference tour in Minnesota; 3-day phytotechnologies postconference tour inWisconsin

Published outputs Zalesny et al. (2020); Gardiner et al. (2018)
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using the wood for alternative energy uses. However, bark con-
tent, moisture content, and density of thewoodwere still a concern.
Isebrands et al. (1979) outlined alternatives for the integrated utiliza-
tion of short rotation poplar raw materials, including biomass for
energy. Phelps (1983) reviewed the potential of biomass products
from short rotation poplars for energy, chemical, and nutritional
feedstocks. Crist (1983) gave a synopsis of the overall suitability of
short rotation-grown poplar material for industry, and he deter-
mined that wood from these plantings was suitable for most recon-
stituted end products. Short rotation poplar raw materials had
promising potential as alternative biomass products, but they were
not yet economical. Isebrands later reviewed the worldwide poten-
tial of poplar bioenergy systems (Rockwood et al. 2012).
In 1983, USDA FS poplar research projects closed or were tem-

porarily phased out because of budgetary constraints. However,
research on short rotation poplars continued at the Lab with
USDOE funding. During this time, Isebrands joined the USDOE-
funded poplar program headed by R.F. Stettler and P.E. Heilman
at the University of Washington and Washington State Univer-
sity in the Pacific Northwest while on sabbatical leave from the
USDA FS. During this time, his research focused on the physiological
genetics of poplar genotypes produced by the Stettler–Heilman
team that proved to be very productive when grown under short-
rotation intensive culture (Stettler et al. 1988). Isebrands brought
this knowledge to the Lab to help develop similar production sys-
tems in theNorth Central region.
The first studies investigated genetic variation of photosyn-

thetic traits among poplar clones in relation to yield, which Ise-
brands conducted with visiting scientist R. Ceulemans from
Belgium (Isebrands et al. 1988). Studies expanded into carbon
allocation patterns in the Stettler–Heilman poplar clones by
using field radiotracer methods developed at the Lab (Isebrands
and Dickson 1991). Genetic variation in crown architecture and
photosynthetic processes in the clones made them amenable to
selection and breeding for specific applications (Ceulemans et al.
1992; Ceulemans and Isebrands 1996). Field studies of photosyn-
thate distribution from sylleptic branches in poplar clones were
also conducted with G.E. Scarascia-Mugnozza, a PhD student
from Italy. This research showed that clones with high numbers
of sylleptics were more productive than others because sylleptics
exportedmore carbon to the stem and roots (Scarascia-Mugnozza
et al. 1997, 1999). A.L. Friend, who is the current Deputy Chief of
USDA FS Research and Development, used the same field radio-
tracer methods to quantify distribution to roots in poplar clones
(Friend et al. 1991). T.M. Hinckley published a synopsis of the basis
for the poplar physiology studies being conducted by the Univer-
sity of Washington and Washington State University scientists
and colleagues (Hinckley et al. 1989).
Poplar research continued collaboratively with the Washington

colleagues after Isebrands returned to the Lab in 1986 (Isebrands
et al. 1990; Scarascia-Mugnozza et al. 1994). Isebrands continued
these partnerships throughout his career, after Ceulemans
returned to Belgium where he became Professor at the Univer-
sity of Antwerp and Scarascia-Mugnozza returned to Italy and
became Professor at the University of Tuscia – Viterbo; both have
worked on European poplar physiology and culture throughout
their careers. In particular, Scarascia-Mugnozza was the lead inves-
tigator on Italy’s short rotation poplar program, which included
poplar genetics, biomass production, climate change, and phytore-
mediation. Likewise, Ceulemans became one of the European
Union’s lead scientists on using short rotation poplars for biomass
production and ecosystem services.
In the early 1990s, the USDOE funded research on physiological

process modeling of poplars based upon the understanding of
how young poplar trees grew in the field. Ecophysiologists were
using process-basedmodels at the time tomake quantitative predic-
tions about the behavior of forest ecosystems in response to environ-
mental changes (Landsberg 1986). One such ecophysiological growth

model for poplar (i.e., ECOPHYS) was developed and validated by a
team of cooperating forest scientists based on the physiological
work done at the Lab. At the time, it was thefirst of its kind for forest
trees (Host et al. 1990; Host and Isebrands 1994; Rauscher et al. 1990).

Breeding and selection
One of the primary outcomes of Dawson’s management of

the “Intensive Culture” and “Physiology and Raw Materials”
projects was a commitment from USDOE to support breeding
and selection of superior poplar clones for the North Central
region. Building on the poplar tree improvement work of Jokela
and Mohn, two additional regional centers of poplar breeding
were established in the early 1990s. While there were no active
breeding activities at the Lab, D.E. Riemenschneider, a quantitative
forest geneticist trained at the University of Minnesota, assumed
leadership for USDA FS contributions to the regional tree improve-
ment efforts, including partnerships with poplar breeders R.B. Hall
at Iowa State University and B.G. McMahon at the University of
Minnesota – Duluth, Natural Resources Research Institute
(NRRI). At the time, Riemenschneider was a scientist within
Isebrands’ “Ecophysiological Processes of Northern Forest
Ecosystems”work unit.
The expansion of the Lab’s poplar research during the 1990s

and beyond was largely due to experimental material developed
by Hall and McMahon, of which many genotypes serve as the
foundation of current phytotechnologies and ecosystem services
research at the Lab. Notably, McMahon was and continues to be a
common denominator for poplar breeding throughout the North
Central region. He began his poplar breeding career while
getting his master’s degree under the tutelage of Jokela at the
University of Illinois, then came to the Lab to work with Rie-
menschneider on selection strategies for balsam poplar (Populus
balsamifera L.) (Riemenschneider et al. 1992; Riemenschneider
and McMahon 1993) and black cottonwood (Populus trichocarpa
Torr. & A. Gray ex Hook.) (Riemenschneider et al. 1994) before
going to Iowa State University to become the first breeder for
Hall’s program (Hall and Hanna 1995). When McMahon left Iowa
State University to be the breeder at the NRRI center under the
direction ofW. Berguson, Hall hired A.A. Mahama, a postdoctoral
scientist trained in agronomic crop improvement methods at
Iowa State University, who conducted extensive breeding along
with research on pollen viability, grafting success, and breeding
incompatibilities — for the latter, he published a detailed account
of incompatibility mechanisms in cottonwood, European black
poplar (Populus nigra L.), and Japanese poplar (Populus maximowiczii
A. Henry) (Mahama et al. 2011). It was during this time that Hall,
Mahama, and Riemenschneider mentored PhD graduate student
R.S. Zalesny Jr. on the methods, science, and applications of poplar
genetics and tree improvement.
Enhancements of the regional poplar network included robust

statistical field designs and the incorporation of quantitative
genetics under the leadership of Riemenschneider, who was
awarded funding from the USDOE. To do so, Riemenschneider
established a clonal testing network in Minnesota, Iowa, Wiscon-
sin, and Michigan. Replicated clonal trials were planted in 1995,
1997, and 2000 to expand on the previous networks of Hansen
and Netzer (described in Intensively cultured plantations) by
incorporating promising new genotypes from Hall and McMahon.
In addition, Riemenschneider collaborated with B.J. Stanton of
Greenwood Resources (who was then with James River Corporation)
to collect individuals from natural Populus trichocarpa populations in
the Pacific Northwest that could be tested and used as parents in
advanced generation breeding strategies. In particular, through
backcross breeding ((Populus trichocarpa � Populus deltoides) � Populus
deltoides), they sought to incorporate rooting ability of Populus
trichocarpa with growth potential, insect and disease resistance, and
regional adaptability of Populus deltoides (Riemenschneider et al.

146 Can. J. For. Res. Vol. 51, 2021

Published by NRC Research Press



2001). This contribution from Riemenschneider was essential to the
mapping of the Populus genome (Tuskan et al. 2006), which was the
first tree genome to be mapped. Since that time, genotypes within
this backcross family have been phenotyped for a diverse set of traits
such as insect and disease resistance (Simon et al. 2020), biomass
(Wullschleger et al. 2005), and rooting ability (Ribeiro et al. 2016). Fol-
lowing these backcross breeding efforts, Riemenschneider expended
extensive efforts studying the rooting of Populus trichocarpa and its
hybrids (Riemenschneider and Bauer 1997). Although the backcross
hybrids were not the most productive genotypes for biomass appli-
cations, they have shown potential for use in phytoremediation and
associated phytotechnologies (Zalesny et al. 2016b) (see Phytotech-
nologies). Overall, two reviews were published detailing the gains
from clonal selection and genotype � environment interactions of
the 1995, 1997, and 2000 regional tests (Riemenschneider et al. 2001;
Zalesny et al. 2009).
Based on this research, a new “Genetic and Silvicultural Sys-

tems for Sustainable Intensive Forestry” project was created in
1999 and led by Riemenschneider. Despite that the USDOE ended
funding for the Biofuels Feedstock Development Program in
2002, much of the research under this project formed the basis of
the ecosystem services research described in the Ecosystem serv-
ices section of this paper. After 2002, Hall continued to breed
poplars but on a significantly reduced scale. McMahon’s NRRI
poplar breeding program, under the current direction of Nelson
(who restarted with NRRI in 2012 following his USDA FS retire-
ment), is the only poplar tree improvement program in the North
Central region (Nelson et al. 2019a, 2019b). This project was active
until 2007 when the USDA FS North Central and Northeastern
Research Stations merged to form what is currently the USDA FS
Northern Research Station (USDA FS NRS). At the Lab, three
research programs were integrated to form the Institute for
Applied Ecosystem Studies (Fig. 3), within which developing SRWCs
is amajor research line of science.

Biotechnology andmolecular genetics
The potential for using tissue culture for forest tree improve-

ment increased in the 1970s (Karnosky 1981). Tissue culture had
the advantage of accelerating the propagation phase of conven-
tional poplar breeding approaches. Thus, in 1983, the USDA FS
initiated a “Biotechnology” research program for forest trees,
including one at the Lab, which focused on tree improvement of
poplars, jack pine, red pine, and important Christmas tree spe-
cies (e.g., balsam fir (Abies balsamea (L.) Mill.) and Fraser fir (Abies
fraseri (Pursh) Poir.)) (Nelson and Haissig 1984). The program’s pri-
mary objective was to produce high-valued planting stock for the
region. B.E. Haissig, a biochemical plant physiologist from the
University of Minnesota specializing in the biochemistry of root-
ing in forest trees and who joined the original “Genetics” project
at the Lab in 1964, became the lead scientist. His early work was on
rooting of conifers, but he later focused on the rooting of poplars
(Davis et al. 1988; Davis andHaissig 1994). In a similar role asDawson,
Nelson was the “Biotechnology” programmanager, and Haissig was
the first project leader who oversaw specific research studies within
the program. Soon after, coming from the “Genetics” project at the
Lab, the “Biotechnology” program added Riemenschneider and
C.H. Michler, a horticulturist from Ohio State University with ex-
pertise in tissue culture of woody plants.
After researching several forest species in tissue culture, the

group’s effort soon focused on poplars, as they weremore amena-
ble than other trees to tissue culture methods needed for genetic
engineering. In particular, the poplar clone of choice was a puta-
tive hybrid of white poplar and bigtooth aspen (Populus alba L. �
Populus grandidentata Michx.) discovered in Iowa (McComb and
Hansen 1954) and successfully grown in tissue culture (Chun and
Hall 1984). A team of cooperating scientists employed a gene
transfer method utilizing an Agrobacterium known to infect

poplars. They chose to transfer the candidate gene for resistance
to glyphosate, a broad-spectrum herbicide used for controlling
weeds, because weed control was an important problem for the
establishment of short rotation poplars (Hansen and Netzer 1985).
The transformationwas successful, and transformedplantswere via-
ble. This marked the first successful recovery of genetically trans-
formed plants for a forest tree. It was also the first example of
inserting a foreign gene of agronomic importance into a woody
plant (Fillatti et al. 1987).
The discovery of the first genetically transformed tree led to a

number of seminal publications (Michler 1988; Riemenschneider
1990, 1994; Haissig and Riemenschneider 1993). Further, the dis-
covery led to increased USDOE support for the Lab to develop
broad-spectrum herbicide-resistant poplar germplasm for short-
rotation poplar culture. Initial objectives were to test whether (i) the
transformed poplars grewnormally in thefield and (ii) the conferred
glyphosate tolerance adversely affected productivity. R.A. Donahue,
a postdoctoral scientist at the Lab who was trained at the University
of Wyoming, found that transformed poplars grew normally and
had normal photosynthetic processes (Donahue et al. 1994). These
discoveries were used by other researchers across the country work-
ing on genetic transformation of poplars in their regions (Wheeler
et al. 2015). Nelson left the program in 1986 to pursue a commercial
approach for using biotechnology in poplars and other species.
The success with genetic transformation of poplar at the Lab

had some unintended consequences. Shortly after Haissig gave
an invited presentation at a national meeting of the American
Association for the Advancement of Science (AAAS), the USDA FS
was flooded with adverse reactions to the genetic transformation
work. There were concerns from national and international envi-
ronmental groups and elected United States politicians that the
genetically modified trees (i.e., GMOs) would escape into the wild
and contaminate the widespread native poplars and aspens in
the region, including those growing in urban areas. Their concerns
went beyond poplars to include all trees, despite USDA Animal and
Plant Health Inspection Service having strict quarantines on field-
testing of the transformed poplars. For example, the trees were
being tested inside a secure fenced area at a Rhinelander nursery
and at Iowa State University under the direction of Hall. Trees were
not allowed to flower until further research was done to ensure
their environmental safety.
Eventually, given these concerns, project support drastically

decreased, and gene transfer work ended at the Lab. Cooperating
work was transferred to universities (Wheeler et al. 2015) and off-
shore private research laboratories. Global debates about the use
of GMO trees continue to this day. Haissig retired from the Lab in
1992, at which time Michler became the new biotechnology
research project leader. Riemenschneider left the “Biotechnology”
project at this time to pursue his quantitative genetics interests on
poplars, working in Isebrands’ “Ecophysiological Processes of North-
ern Forest Ecosystems”work unit (see Breeding and selection).
Another major consequence of the work on GMO poplars was

an unprovoked attack on the Hugo Sauer Nursery during the
night of 20 July 2000 by an ecoterrorist group known as Earth Lib-
eration Front (ELF). They caused over $1 million (United States
dollars) of damage to improved forest trees and to vehicles as a
protest of the GMO work. Years later, the perpetrators were pros-
ecuted, and evidence collected near Rhinelander was used to con-
vict them of felony offenses. The biotechnology group continued
at Rhinelander until 2000 when the project was ended. At that
time, some personnel and equipment were moved to West Lafay-
ette, Indiana, and became part of a new research group on hard-
wood tree improvement.

Atmospheric pollution and climate change
In the 1960s and 1970s, forest scientists noticed significant foliar

damage to high-elevation eastern forests that was attributed to
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acidic rain caused by air pollutants from industrial activities. The
pollutants were identified as sulfur dioxide and nitrogen oxides that
reacted with water to produce acid rain. These findings led to a well-
funded United States government program called the National Acid
Precipitation Assessment Program (NAPAP) in 1980. NAPAP was the
precursor of decades of research on air pollution and climate change
in forests, including studies on elevated carbon dioxide (CO2) and
tropospheric ozone (O3) effects on Populus conducted at the Lab
(Karnosky et al. 2003a).The original research that led to those studies
was conducted in national parks by Michigan Technological Univer-
sity (MTU) researcher D.F. Karnosky and collaborators, in coopera-
tion with the National Park Service of the United States Department
of the Interior. They found differences in trembling aspen (Populus
tremuloides Michx.) clonal sensitivity to tropospheric O3 in five
national parks across its natural range (Berrang et al. 1986). Soon af-
ter, Karnosky et al. (1992) identified aspen clones from the Lake
States region ranging in sensitivity to O3, with certain genotypes fall-
ing into low, intermediate, and high O3 tolerance categories. These
clones formed the basis for the next 20 years of air pollution and cli-
mate change research at the Lab in cooperation with MTU scientists
and other external partners.
In the late 1980s, the United States became concerned with ele-

vated CO2, ever-changing climate in the world, and its effect on
humans and their environment, including forests. Therefore, the
United States Global Change Research Program was founded in
1990 (Houghton 1989), and a robust national budget for research
on climate change followed. The USDA FS Global Change
Research Program was founded as part of this governmentwide
program, and the Northern Global Change Program (i.e., a joint
effort between the USDA FS North Central and Northeast Forest
Experiment Stations) formed, led by R.A. Birdsey (Mickler et al.
2000). This program provided funds to study the effects of ele-
vated O3 on northern forest species, including poplars, at the Lab
and MTU. In the meantime, Dickson transferred from the “Physi-
ology of Wood Formation” project to Isebrands’ “Ecophysiologi-
cal Processes of Northern Forest Ecosystems” project in 1986 and
then, in 1992, to Isebrands’ newly formed “Physiological Mecha-
nisms of Growth and Multiple Stress Responses” project. Dickson
played an important role in the Lab’s climate change studies

(Dickson and Isebrands 1991), and he worked closely with
M.D. Coleman, a plant physiologist from the University of Wash-
ingtonwho joined Isebrands’ “Ecophysiological Processes of North-
ern Forest Ecosystems” project in 1990, and Riemenschneider, who
provided genetic and statistical expertise, as previously noted.
The Lab’s climate change scientists, Coleman, Dickson, and Ise-

brands, partnered with MTU and Karnosky to conduct research
on the effects of elevated O3 on physiological processes in the
aforementioned aspen clones grown in open top chambers in the
field. They found that O3 exposure had a negative effect on the photo-
synthetic productivity of aspen leaves and had a differing effect on
biomass productivity of the clones, depending on their O3 sensitivity
(Coleman et al. 1995a, 1995b; Karnosky et al. 1996). Also, O3 exposure
negatively affected root growth of the clones (Coleman et al. 1996).
Then, Dickson et al. (2001) followed up Coleman’s work by exposing
the aspen clones to combinations of elevated O3 and CO2 in open top
chambers, and they found that increased CO2 counteracted the nega-
tive effect of O3 in some clones and not in others. Dickson et al. (1998)
also studied the effects of interacting elevatedCO2 andO3 on commer-
cially important hybrid poplar clones planted in the United States
and Canada. Their results showed significant differences in clonal
response to these interacting stresses, with the fastest-growing clones
most affected (Dickson et al. 1998). Although these results contributed
greatly to our understanding of the effect of air pollution on forests,
their applicability fromcontrolled settings to stand-level northern for-
ests were unknown. Nevertheless, these research studies provided
preliminary results needed to obtain further funding that was avail-
able through competitive research grants on climate effects on
forests.
In themid-1990s, a Free-Air CarbonDioxide Enrichment system

known as FACE (Hendrey and Kimball 1994) was established at
the Harshaw Experimental Farm near Rhinelander (now part of
the West Unit of the Rhinelander Experimental Forest) (Fig. 4)
(Dickson et al. 2000). This major research experiment was a direct
result of the group of scientists at the Lab andMTU receiving signifi-
cant funding from the USDOE Global Change Program to supple-
ment USDA FS funds. Known as Aspen FACE, the study was the
first and only free-air experimental system in the world to exam-
ine the interacting effects of CO2 and O3 on trees in the field.
Coleman was the first operating manager for 2 years before joining
the USDA FS Southeastern Research Station. For the next 12 years,
the steering committee assembled a team of at least 50 cooperating
researchers from eight countries and more than 10 graduate stu-
dents from seven universities to work at the facility. The long-term
goal of the Aspen FACE experiment was to examine the interacting
effects of elevated CO2 and O3 alone and in combination on trem-
bling aspen, sugar maple (Acer saccharum Marsh.), and paper birch
(Betula papyriferaMarshall) (i) growth, (ii) carbon and nitrogen alloca-
tion, (iii) competition among genotypes, (iv) foliar composition, and
(v) responses to insect pests and diseases.
Hundreds of scientific papers were published by the Aspen

FACE team in a multitude of journals (including the Canadian
Journal of Forest Research), books (e.g., Karnosky et al. 2003a), and
proceedings (e.g., Chappelka et al. 2001) over these 12 years. A
synthesis of the early molecular- to ecosystem-level results of As-
pen FACE were published (Karnosky et al. 2003b), along with a
complete summary of the experiment that can be found on the
websites of MTU (http://www.aspenface.mtu.edu) and USDA FS NRS
(https://www.nrs.fs.fed.us/disturbance/climate_change/face/). Dickson
and Isebrands retired from the Lab in the early 2000s, and Karnosky
died unexpectedly in 2008. In 2004, Nelson returned to the Lab and
became the USDA FS project leader in charge of the Aspen FACE
experiment, taking over for M.E. Kubiske, a plant physiologist
trained at Penn State University who remained on as a project
scientist and later published a USDA FS General Technical Report
detailing the history, technology, and methods of the Aspen FACE
experiment (Kubiske et al. 2015). Kubiske oversaw a full-scale
harvest of the Aspen FACE experiment in 2009 to characterize the

Fig. 4. The Aspen FACE site of the USDA FS, Forestry Sciences
Laboratory located in Harshaw, Wisconsin, USA. Some of the Lab’s
poplar studies are located in the center and bottom areas of the
photograph. Currently, the site is part of the West Unit of the
Rhinelander Experimental Forest. Photograph courtesy of
J.G. Isebrands.

148 Can. J. For. Res. Vol. 51, 2021

Published by NRC Research Press

http://www.aspenface.mtu.edu
https://www.nrs.fs.fed.us/disturbance/climate_change/face/


stand-level above- and belowground carbon storage and biomass
production. In 2010, the Aspen FACE experiment ended. From 2011
to 2020, E.J. Gustafson, a scientist at the Lab trained in landscape
ecology at Purdue University, led efforts to scale Aspen FACE results
to larger spatial and temporal scales by integrating the mechanistic
processes into forest landscape succession and disturbance
modeling (Gustafson et al. 2013, 2018, 2020).
Key findings of the Aspen FACE experiment were as follows.

1. Whereas CO2 increased growth of aspen without the influ-
ence of elevated tropospheric O3, moderate levels of O3 offset
elevated CO2 growth responses in aspen. But there were clonal
differences in that response, resulting in dieback (Isebrands
et al. 2001; Percy et al. 2007).

2. Competition status of aspen clones was affected by interact-
ing elevated CO2 and O3 leading to some disadvantaged
clones in an aggrading stand (McDonald et al. 2002; Kubiske
et al. 2007; Moran and Kubiske 2013).

3. Soil carbon accumulation in aspen stands decreased when
elevated tropospheric O3 occurred in an elevated CO2 envi-
ronment (Loya et al. 2003).

4. Pests and foliar diseases in aspen increased under interacting
elevated CO2 and O3 (Percy et al. 2002; Holton et al. 2003).

These results provided a window into the future and implied
the following effects of future climate conditions on aspen:

1. elevated CO2 may delay autumnal senescence in aspen and
cause increases in winter dieback in the future,

2. future climate scenarios may overestimate the growth of as-
pen in a high CO2 atmosphere,

3. soil carbon formation in aspen stands may decrease in future
climates,

4. aspen pests and diseases may increase in future climates,
5. Aspen FACE results may be extrapolated to project forest dy-

namics under future environmental conditions (Gustafson
et al. 2013, 2018), and

6. Aspen FACE results are used by the United States Environ-
mental Protection Agency (USEPA) to develop O3 standards
for forests.

Phytotechnologies
Building on the rich history of poplar silviculture, genetics,

and physiology from previous decades, phytotechnologies intro-
duced a logical way to expand poplar research across multiple
research programs at the Lab in the late 1990s. In particular,
phreatophytic traits such as extensive root systems, fast growth,
and elevated hydraulic control potential make poplars ideal for
phytotechnologies, and the diverse set of genotypes developed
for traditional biomass applications offered a means by which to
test different varieties of poplars for phytoremediation and other
environmental applications (Rockwood et al. 2004; Licht and
Isebrands 2005). As a result, phytotechnologies research at the
Lab started in 1999, continued through the retirements of
Isebrands (2002), Nelson (2009), and Riemenschneider (2008),
and is currently the primary focus of Zalesny’s SRWCs research.
Isebrands was involved in the initial phytoremediation study

involving a researcher from the Lab, which took place in Chicago
in collaboration with L.M. Westphal, a social scientist with the
USDA FS NRS (Westphal and Isebrands 2001). However, the first
long-term, field-based phytotechnologies application took place
in Rhinelander. Based on Wisconsin Department of Natural
Resources data, water from a creek located adjacent to the closed
Rhinelander municipal landfill was showing levels of nitrates
and other potential pollutants that were above regulatory

thresholds. Mitigation measures were necessary. Along with
Isebrands and Riemenschneider, E.O. Bauer, a biological laboratory
technician at the Lab, developed a partnership with Sand Creek
Consultants, the City of Rhinelander, and a group of industrial repre-
sentatives to test whether the creek water could be used to irrigate
field-planted poplars andwillows (species of Salix L.) without adverse
impacts on tree physiology and growth nor soil conditions. In addi-
tion to this wastewater recycling, the group sought to determine
whether the trees could reduce runoff and filter subsurface water
flow before it reached the creek. The initial phytoremediation
efforts involved a set of experiments in which selected poplar and
willow clones were grown in tanks in the landfill soil and were irri-
gated with the creek water. Starting in 2003 during his postdoc-
toral appointment under Riemenschneider at the Lab, Zalesny
analyzed these tank experiment data and concluded that both gen-
era exhibited elevated phytoremediation potential that was clone
specific for certain contaminants (Zalesny and Bauer 2007a, 2007b).
In addition, sap flow testing results showed that the trees were ca-
pable of reducing the volume of water reaching the creek (Zalesny
et al. 2006).
The next major phytotechnologies field application for the Lab

began in 2003 and involved collaborations between Zalesny and
B. Sexton, Solid Waste Director of the Oneida County SolidWaste
Department (currently of Sound County Environmental, previ-
ously known as Sand Creek Consultants). Sexton had an applied
need to treat landfill leachate, and the research question was
whether the leachate could be used as irrigation and fertilization
for poplar trees, thereby potentially reducing off-site hauling
and treatment costs. To test this, Zalesny, Bauer, and others
developed phyto-recurrent selection, a method involving multi-
ple testing cycles to choose superior poplar (and willow) clones
for phytoremediation and associated phytotechnologies (Zalesny
and Bauer 2007c; Zalesny et al. 2007a). Testing duration and data
complexity increase with subsequent cycles, whereas the num-
ber of genotypes decreases. Development of phyto-recurrent
selection proved to be the most important milestone for the
Lab’s phytotechnologies research, as the method has been used
in North America and globally to match genera and genotypes
with pollutants and the specific tissues (roots, leaves, and stems)
that are involved with application-specific remediation proc-
esses. For the Oneida County Landfill project, once the green-
house phyto-recurrent selection was completed, trees were
established in replicated trials at the landfill and irrigated with
the leachate until crown closure (Zalesny et al. 2007b).
Dating back two decades, these two landfill projects served as

the foundation for the Lab to become a worldwide leader in phyto-
technologies. Since that time, Zalesny and others have published
dozens of manuscripts involving both inorganic and organic con-
taminants across the rural to urban continuum. Examples of appli-
cations include phytoremediation, wastewater or groundwater
recycling, mine reclamation, anthropogenic succession, and vege-
tative forest buffers (i.e., riparian buffers used to reduce wind and
water erosion from waterways via sediment trapping and water
infiltration). In recent years, one of the most notable accomplish-
ments includes establishment of a regional phytotechnologies net-
work consisting of 16 phytoremediation buffer systems (i.e., phyto
buffers) to reduce potential surface runoff and subsurface water
flow at landfills in the Lake Superior and Lake Michigan water-
sheds. To date, with support from the Great Lakes Restoration Initi-
ative (GLRI), over 20000 poplar andwillow trees have been planted.
Results of this GLRI network and many other phytotechnology
projects have been summarized in three major review articles
(Zalesny et al. 2016b, 2019a, 2019b).

Ecosystem services
The timeline of poplar ecosystem services research at the Lab

mirrors the evolution of research programs during the last two
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decades. In particular, the focus of the “Sustainable Intensive For-
estry” project was to increase productivity of poplar production
systems in the region through enhanced vegetationmanagement
techniques, breeding for improved rooting and insect and disease
resistance, and optimizing genotype� environment interactions for
biomass across the landscape. From 2003 to 2008, Riemenschneider
and Zalesny focused substantial efforts on understanding the influ-
ences of edaphic factors such as soil temperature and moisture on
the establishment potential of poplars grown for biomass, bioen-
ergy, and bioproducts, which resulted in a paper describing the
quantitative genetics of poplar rooting (Zalesny et al. 2005a), as well
as a thermal-based index used for determining when to plant pop-
lars to enhance rooting (Zalesny et al. 2004, 2005b). The merger of
multiple Rhinelander research programs in 2007 created broader-
based research priorities. After the retirements of Riemenschneider
and Nelson, Zalesny became the sole remaining poplar scientist
at the Lab. Since that time, Zalesny has refocused poplar eco-
system services research on linkages among energy, carbon,
and climate. For example, using the previous Hansen–Netzer
and Riemenschneider regional field testing networks as a source of
testing material and long-term information, ecosystem services
studied include biomass productivity, carbon sequestration (in trees
and soils), water use efficiency and drought tolerance, biofuels recal-
citrance, and wood properties (e.g., fiber composition, ash content,
and specific gravity). These ecosystem services are also investigated
during the phytotechnologies activities previously described. The
collective efforts have been published in two review articles (Zalesny
and Headlee 2015; Zalesny et al. 2016a) and a comprehensive data-
base of North American poplar literature published from 1989 to
2011 (Zalesny andCoyle 2013).

Summary
Contributions of Populus research at the Lab spanned decades

and mirrored USDA FS priorities at the national level. When we
reflect on the history of poplar research at Rhinelander and our
successes, we have lessons learned to share with others to assist
themwith their future challenges. Specifically,

1. stay up-to-date on the latest priorities in national and regional
forest science issues;

2. be flexible and adaptable when priorities change;
3. stay in contact with community, state (provincial), and national

leaders;
4. inform political leaders of key mission and findings;
5. keep themedia informed of activities and visitors;
6. engage in cooperative team research with scientists from

other agencies, universities, and international institutions;
7. employ diverse university and high school students (including

international fellows) to give them experience with forest sci-
encemethods;

8. publish in multiple reputable international peer-reviewed
journals; and

9. conduct conferences and workshops in the field on practical
forest science applications.

The Lab currently has multiple laboratories for genetics, physi-
ology, phytotechnologies, and landscape ecology research, as
well as growth chambers and greenhouses located on-site. In
addition, the Hugo Sauer Nursery and Rhinelander Experimental
Forest offer opportunities for manipulative studies, long-term
monitoring, and education in support of multiscale ecosystem
research and management. The current mission of the Lab is to
develop and deliver scientific knowledge and tools relating eco-
logical changes across scales and disturbance gradients to better
integrate science with sustainable forestry, landscape-scale resto-
ration, and contemporary conservation challenges. A primary
component of this is to advance the use of poplars and other

SRWCs for ecosystem services and to develop phytotechnologies
using these selected trees for ecosystem recovery, remediation,
and restoration along the urban to rural continuum.
Overall, there have been an amazing number of poplar scien-

tific accomplishments at the Rhinelander Lab since its begin-
nings in a single rented office space at a local bank and since the
first page of the first volume of the Canadian Journal of Forest
Research was published in 1971. As previously noted, national
research priorities have changed. Personnel have changed. And
science budgets have oscillated to reflect research priority changes.
In addition to the legacy of this work on mentoring and developing
generations of researchers, as well as in the technology and applica-
tions that resulted from this research, documentation and dissemi-
nation of decades-long accomplishments live on among the shelves
of scientific libraries and online bibliographies. The reader of this
historical record of Rhinelander’s poplar science and the key scien-
tists behind this research will clearly be aware of how important the
Canadian Journal of Forest Research has been in archiving those
findings.
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