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Abstract. Ecosystems across the United States are changing in complex and unpredictable ways and
analysis of these changes requires coordinated, long-term research. This paper is a product of a synthesis
effort of the U.S. National Science Foundation funded Long-Term Ecological Research (LTER) network
addressing the LTER core research area of “populations and communities.” This analysis revealed that
each LTER site had at least one compelling “story” about what their site would look like in 50–100 yr. As
the stories were prepared, themes emerged, and the stories were group into papers along five themes: state
change, connectivity, resilience, time lags, and cascading effects. This paper addresses the cascading effects
theme and includes stories from the Bonanza Creek (boreal), Kellogg Biological Station (agricultural and
freshwater), Palmer (Antarctica), and Harvard Forest (temperate forest) LTER sites. We define cascading
effects very broadly to include a wide array of unforeseen chains of events that result from a variety of
actions or changes in a system. While climate change is having important direct effects on boreal forests,
indirect effects mediated by fire activity—severity, size, and return interval—have large cascading effects
over the long term. In northeastern temperate forests, legacies of human management and disturbance
affect the composition of current forests, which creates a cascade of effects that interact with the climate-fa-
cilitated invasion of an exotic pest. In Antarctica, declining sea ice creates a cascade of effects including
declines in Ad�elie and increases in Gentoo penguins, changes in phytoplankton, and consequent changes
in zooplankton populations. An invasion of an exotic species of lady beetle is likely to have important
future effects on pest control and conservation of native species in agricultural landscapes. New studies of
zebra mussels, a well-studied invader, have established links between climate, the heat tolerance of the
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mussels, and harmful algal blooms. Collectively, these stories highlight the need for long-term studies to
sort out the complexities of different types of ecological cascades. The diversity of sites within the LTER
network facilitates the emergence of overarching concepts about trophic interactions as an important dri-
ver of ecosystem structure, function, services, and futures.

Key words: agriculture; Antarctica; boreal forest; fire; forests; lady bugs; lakes; land use; penguins; Special Feature:
Forecasting Earth’s Ecosystems with Long-Term Ecological Research; zebra mussels.
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INTRODUCTION

Ecosystems across the United States are chang-
ing in complex and unpredictable ways (Grimm
et al. 2013), and analyses of these changes require
coordinated long-term ecological research. The
challenge of ecosystem change has only intensi-
fied in recent years, along with the nature and
extent of global environmental changes in cli-
mate, air and water pollution, land-use change,
agricultural intensification, and species move-
ment (Steffen et al. 2005). Addressing the diverse
and changing needs of human society requires
an in-depth understanding of how ecosystems
are changing, presenting a fundamental chal-
lenge to ecological science. How will today’s
dominant populations and communities change
in the coming decades? What will be the conse-
quences for ecosystem structure and function,
and the values and services these ecosystems
provide to people?

The capacity of ecological science to provide
societally relevant information on ecosystem
change is greatly facilitated by the presence of
research and monitoring networks, which date
back to the 1960s (Golley 1996). The U.S.
National Science Foundation (NSF) funds the
Long-Term Ecological Research (LTER) network,
a group of long-term, site-based research pro-
grams aimed at understanding ecological pro-
cesses within and across a wide range of
ecosystems. The LTER network began in 1980,
with roots in earlier network efforts such as the
International Biosphere Program (Callahan
1984). In contrast to prior efforts, LTER sites were
not selected to represent major ecosystem types
systematically or natural biomes necessarily, but

rather via a competitive process based on the
combination of question-driven research frame-
works, locations to study critical phenomena
over long time periods, and the synergistic use of
experiments, long-term monitoring, modeling,
and comparative studies. As part of this design,
LTER sites often carry out integrative, cross-site,
network-wide research, enabled by organized
data collection, categorization methods, and
adherence to common metadata standards. The
organization of hypotheses, experiments, and
measurements at each site focuses on five core
research areas: primary production, population
studies, movement of organic matter, movement
of inorganic matter, and disturbance patterns.
Synthetic analysis to facilitate the flow of infor-

mation from the LTER network to the rest of the
scientific community and to the broader society
is accomplished via several mechanisms. The
LTER Network Office (LNO) funds synthesis
working groups via a competitive process, and
the LTER Science Council conducts synthesis
efforts during its annual meetings. The three-day
Science Council meetings are attended by the
lead principal investigators at each site as well as
a second site representative with expertise in the
synthetic topic of the meeting. Beginning in 2014,
each year’s Science Council meeting focused on
one of the LTER core research areas, and in 2016,
the synthesis theme was “populations and com-
munities.” Over the course of small group dis-
cussions, it emerged that each LTER site had at
least one compelling “story” about what the pop-
ulations and communities at their sites would be
like in 50–100 yr. We therefore decided to com-
pile these stories as broadly applicable and rele-
vant examples of how ecosystems across the
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network are changing. As the stories were pro-
duced, themes began to emerge and the stories
were grouped into five different papers along
these themes—state change, connectivity, resili-
ence, time lags, and cascading effects—and com-
bined into this special issue.

This paper addresses the cascading effects
theme and includes ecological stories from the
Bonanza Creek (Boreal), Kellogg Biological Sta-
tion (agricultural and freshwater), Palmer
(Antarctica), and Harvard Forest (temperate for-
est) LTER sites. We define cascading effects very
broadly to include a wide array of unforeseen
chains of events that result from a variety of
actions or changes in a system. Cascading effects
are one of the most challenging aspects of pre-
dicting the future state of ecosystems in the face
of global environmental change. As noted by
Kominoski et al. (2018a), interactions among
ecosystem attributes and the emergent properties
of ecosystems lead to nonequilibrium trajectories
of ecosystem change (Peters et al. 2011, Grimm
et al. 2017, Kominoski et al. 2018a). Cascading
effects should therefore be viewed in a frame-
work of alternate ecosystem development trajec-
tories that produce a wide range of ecosystem
structure, function, and services (Carpenter et al.
2006, Chapin et al. 2010).

Much previous work has addressed how
changes at higher trophic levels produce cascad-
ing effects down food webs, that is, trophic cas-
cades (e.g., Pace et al. 1999, Scheffer et al. 2005),
as well as how nutrient additions produce cas-
cading effects up food webs (e.g., Galloway et al.
2003, Slavik et al. 2004, Gaiser et al. 2005, Davis
et al. 2010, Rosemond et al. 2015, Kominoski
et al. 2018b). Here, we take a broader view to
include a wide array of unforeseen chains of
events that result from a variety of actions or
changes in a system. Examples include how fire
and climate interactions drive cascading impacts
on Alaskan boreal ecosystems; how exotic lady
beetle invasions influence native insect commu-
nities and ecosystem services; how interactions
between climate, zebra mussels, and cyanobacte-
ria affect lake ecosystems; interactions between
climate, sea ice, and penguins; and how long-
term land-use legacies affect northeastern forests.
The stories presented here illustrate the expand-
ing scope of thinking about cascades within the
LTER network, highlight the need for long-term

studies to address these complex dynamics, and
illustrate how the diversity of sites within the
LTER network facilitates the emergence of over-
arching concepts about important drivers of
ecosystem structure, function, services, and
futures.
The case studies and lead authors for the dif-

ferent sections are as follows:

1. Fire and Climate Interactions Drive Cascad-
ing Impacts on Alaskan Boreal Ecosystems:
Roger W. Ruess, Todd J. Brinkman, H�el�ene
Genet, Knut Kielland, Jill F. Johnstone, and
Michelle C. Mack

2. Exotic Lady Beetle Invasions Influence
Native Insect Communities and Ecosystem
Services: Christie A. Bahlai and Douglas A.
Landis

3. Climate Change Can Affect Species in Com-
plex and Unanticipated Ways: an Example
with Zebra Mussels and Cyanobacteria in
Lakes: Jeffrey D. White, Stephen K. Hamil-
ton, and Orlando Sarnelle

4. Climate, Sea Ice, and Penguins in Antarctica:
Maria T. Kavanaugh, William R. Fraser, and
Hugh W. Ducklow

5. Past and Present Land Use Are Primary Dri-
vers of Forest Change in Southern New Eng-
land: Jonathan R. Thompson, Clarisse Hart,
and David R. Foster

FIRE AND CLIMATE INTERACTIONS DRIVE
CASCADING IMPACTS ON ALASKAN BOREAL
ECOSYSTEMS

Long-term research at the Bonanza Creek
(BNZ) boreal LTER site shows how changes in
the nature and extent of fire cause a cascade of
changes in soil, vegetation, and vertebrates
resulting in highly altered trajectories of ecosys-
tem development. Over the past century, Alaska
has warmed more than twice as rapidly as the
contiguous United States, with some of the lar-
gest increases in annual air temperature occur-
ring in interior boreal forests (Bieniek et al. 2014,
Chapin et al. 2014). Warming has been driven
primarily by anthropogenic emissions of green-
house gases at the global scale, but is amplified
at high latitudes by energy and trace gas feed-
backs resulting from wildfire, melting of sea ice
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and glaciers, lengthening of the snow-free sea-
son, and atmospheric losses of previously frozen
permafrost carbon (C) as carbon dioxide (CO2)
and methane (CH4) (Schuur et al. 2015). Because
temperature is the primary driver of ecosystem
dynamics in cold regions (e.g., permafrost, vege-
tation productivity, snow/rain regimes, wildfire
risk), warming in Arctic and Antarctic regions
has the potential to cause cascading effects with
global repercussions (e.g., McGuire et al. 2016).

A pronounced consequence of climate warm-
ing has been increased fire activity in interior
Alaska, altering historic patterns of fire size, sea-
sonality, severity, and return interval (Calef et al.
2015). Many fires burn in highly flammable black
spruce stands, which dominate the forested land-
scape and are often characterized by deep
organic layers underlain with permafrost.
Impeded drainage typically maintains high
moisture levels in surface organic layers, pre-
venting deep burning and enabling recovery of
vascular and non-vascular plants that either sur-
vive the fire or are able to establish from seed on
high organic soils (Hollingsworth et al. 2013).
However, warmer early-season temperatures
coupled with prolonged late summer drought
are leading to larger fires that burn later in the
fire season and into deeper soil organic layers
(Turetsky et al. 2011, Barrett and Kasischke
2013). Combustion of surface organic layers and
exposure of mineral soil seedbeds favors seedling
recruitment of deciduous trees, such as aspen
and birch, which do not establish on organic soil,
thus shifting post-fire vegetation from spruce- to
deciduous-dominated successional trajectories
(Johnstone et al. 2010b) (Fig. 1). Rapid decay of
deciduous litter and the absence of an insulating
moss layer entrain plant–soil–microbial feed-
backs within these newly established deciduous
vegetation types to influence long-term trajecto-
ries of nutrient cycling and carbon (C) storage
(Chapin et al. 2006, Johnstone et al. 2010a, Melvin
et al. 2015, Alexander and Mack 2016) (Fig. 2).

Although past periods of high fire activity
were associated with an expansion of deciduous
forests, current rates of charcoal deposition in
lake sediments indicate that recent fire activity in
interior Alaska exceeds levels observed over the
past 10,000 yr (Kelly et al. 2013). Strong links
between climate and fire activity mean that we
can anticipate continued high rates of burning in

Alaskan forests throughout the 21st century (Bal-
shi et al. 2009). Model projections suggest that
Alaskan forests may soon cross a tipping point to
a new domain, where recent increases in fire
activity have made deciduous stands more abun-
dant than spruce stands on the landscape (Mann
et al. 2012, Rupp et al. 2016) (Fig. 3A). Increased
annual area burned has substantially increased
total C emissions from Alaska black spruce for-
ests (Genet et al. 2013, 2018), with C loss from
large fire years representing up to 10 yr of state-
wide C accumulation (Fig. 3B). These C losses
may offset enhanced vegetation productivity
associated with warming and CO2 fertilization,
weaken the C sink in the boreal biome, and ulti-
mately lead to a C source to the atmosphere
beyond 2100 (Genet et al. 2013, Kelly et al. 2015,
Genet et al. 2018).
Research from the BNZ LTER has identified

the potential for synergistic effects of warming
and increased fire to have multiple cascading
impacts on ecosystem function in boreal forests
across local to regional to global scales. Combus-
tion of surface organic layers reduces ground
insulation, warming permafrost soils, and expos-
ing organic matter that has been frozen for hun-
dreds to thousands of years to microbial
decomposition, mineralization, and atmospheric
release of greenhouse gases (Shur and Jorgenson
2007, Schuur et al. 2008). Globally, permafrost
constitutes a C pool that is approximately twice
that of the atmosphere, a significant fraction of
which is vulnerable to microbial decomposition
over decades to centuries as northern regions
continue to warm (Schaefer et al. 2014, Schuur
et al. 2015). Models incorporating the role of
snow, soil organic layer thickness, water satura-
tion, and thermal properties in controlling thaw
vulnerabilities predict that the vulnerability of
permafrost to climate warming will be influ-
enced strongly by fire severity (Jafarov et al.
2013, Brown et al. 2015b). This has the potential
to strongly impact soil C stocks (Koven et al.
2015, Genet et al. 2018). Landscape heterogeneity
(topography, vegetation, drainage, permafrost
ice content) exerts substantial control on the sen-
sitivity of permafrost to warming and fire, com-
plicating our ability to predict the nature and
magnitude of ecosystem responses to thaw
(Genet et al. 2013, Jorgenson et al. 2013). For
example, abrupt permafrost thaw following
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high-severity fires in ice-rich lowlands can trig-
ger the formation of thermokarst bogs and wet-
land succession (Lara et al. 2015, Turetsky et al.
2015, Brown et al. 2015b), while thaw in well-
drained areas with lower ice content can lead to
surface drying and lake drainage (Jorgenson
et al. 2013, Roach et al. 2013). In uplands, stream
hydrology and chemistry are tightly coupled to
vegetation, fire frequency and severity, and the
distribution of permafrost. Streams draining
watersheds with extensive permafrost have
flashier and greater variation in stream flow than
streams draining watersheds lacking permafrost
(Jones and Rinehart 2010). Based on stream flow
data collected from BNZ LTER watersheds since
1978, stream flows have become less responsive

to rain storms, presumably due to loss of per-
mafrost and the effects on water routing to
streams.
Vegetation changes resulting from warming

and altered fire activity affect the population size
and distributions of many vertebrate herbivores,
including caribou (Joly et al. 2011), moose (Lord
and Kielland 2015), ptarmigan (Christie et al.
2014), and snowshoe hares (Tape et al. 2015). In
turn, plant–herbivore interactions strongly influ-
ence plant growth and community composition
(Bryant et al. 2014, Christie et al. 2015, Olnes and
Kielland 2016), and feedback to control herbivore
fecundity through impacts on forage quality and
abundance (Seaton et al. 2011, Paragi et al. 2015).
Moose movement and browsing patterns are

Fig. 1. During 2004, over 7 million acres of boreal forest burned across interior Alaska. Many of these were
high-severity fires that combusted deep organic layers, exposing mineral soil and favoring the invasion of hard-
woods. Within the BNZ LTER Regional Site Network, many sites that were dominated by black spruce prior to
burning in 2004 (upper picture) are now converted to dense birch stands with very different vegetation and
ecosystem characteristics (lower picture). Photo credit: Roger Ruess.
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highly responsive to the degree of deciduousness
(trees and shrubs) following fire (Brown et al.
2017), while aspen height growth during early
succession is controlled by an interaction
between fire severity and browsing intensity
(Conway and Johnstone 2017). Moose responses
to fire are important to wildlife management

because many Alaskan residents rely on moose
as a food source (Brown et al. 2015a). Climate-
driven changes in the environment (including
fires and weather) have challenged hunters’ abil-
ity to access traditional hunting areas during
times that would optimize harvest opportunity
(Brinkman et al. 2013, Carothers et al. 2014).

Fig. 2. High-severity fires in black spruce forests can lead to hardwood tree dominance with high above-
ground net primary productivity (AGNPP). These stands accumulate little carbon (C) in soils, compared to black
spruce, because high litter quality and soil conditions favor rapid decomposition rates. Low severity fires pro-
mote dominance by black spruce and mosses, resulting in low AGNPP, low litter quality, and slow decomposi-
tion rates. The net result is similar C stocks in hardwood s black spruce stands, but aboveground pools dominate
in hardwoods while belowground pools dominate in black spruce. Graph shows observed differences in mean C
and nitrogen (N) pools (boxes) and fluxes (arrows) measured in aboveground live tree biomass and soils for
mid-successional black spruce and Alaska paper birch forests in the 1958 Murphy Dome fire scar near Fairbanks,
Alaska (Melvin et al. 2015).
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Alaskan communities differ in their exposure,
sensitivity, and capacity to adapt to environmen-
tal and socioeconomic change (Trainor et al.
2009). Alaska Native communities are particu-
larly vulnerable given the high cost of living in
remote villages off the road system and the high
reliance on cultural traditions, lifestyles, and
economies that depend on ecosystem services
(Kofinas et al. 2010, Brinkman et al. 2014).

As mentioned above, the cascading effects
associated with wildfire regime in boreal Alaska
will have crucial impacts on ecosystem structure,
function, and services at local to regional and
global scales, now and for the centuries to come.
To assess these impacts affecting ecosystems
beyond the spatio-temporal frame of the LTER

network, research and monitoring data collected
in the field are integrated in a suite of ecosystem
models specifically parameterized to represent
the heterogeneity and dynamic of boreal land-
scapes. These improved models can serve as
tools to assess the influence of social–ecological
change on ecosystem services, and how manage-
ment scenarios can affect adaptive responses of
Alaskan communities.

EXOTIC LADY BEETLE INVASIONS INFLUENCE
NATIVE INSECT COMMUNITIES AND ECOSYSTEM
SERVICES

Long-term research at the Kellogg Biological
Station (KBS) agricultural LTER site has

Fig. 3. (A) Projected (2010–2099) areal extent (hectares) of major forest types in the Alaska boreal forest using
the ALFRESCO model for the CCCMA 3.1 (red) and the MPI-ECHAM5 (blue) climate scenarios under the A1B
emission scenario, showing a 8-44% reduction in late-successional spruce forests and an 25-113% increase in
deciduous forests (Pastick et al. 2017). Note the difference in y-axis scales between panels. (B) Statewide cumula-
tive annual Net Ecosystem Carbon Balance (NECB; solid line) and total annual area burned (dotted line), from
1950 to 2009, for upland ecosystems in Alaska. Losses of carbon from large fire years such as 1957, 1969, and
2004 were equivalent to about 10 yr of statewide C accumulation. (From Genet et al. 2018.)
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characterized classical trophic cascade effects
where changes in a predator cause a series of
effects at lower trophic levels. The case study
presented here shows how the arrival of invasive
predators caused changes in native and exotic
predator and prey communities, in a highly rele-
vant pest control context.

Invasive species are one of the main drivers of
global change and have the potential to reshape
interactions among entire communities, influenc-
ing ecosystem function and ecosystem services
(Tylianakis et al. 2008). Like shifting climate pat-
terns, the movement of species outside their
native ranges can have profound consequences
on biodiversity and the functioning of communi-
ties in the invaded areas. In agricultural ecosys-
tems of the north-central United States,
successive invasions of exotic lady beetle preda-
tors have influenced community structure and
ecosystem processes with wide-ranging impacts
on both natural and managed ecosystems.
Nearly 30 yr of observations at the KBS LTER
site have allowed us the unique opportunity to
detect multiple invasions and to understand their
implications for insect community structure and
function (Landis and Gage 2015).

Insects play profound roles in the functioning
of most terrestrial ecosystems, as herbivores,
predators, pollinators, and decomposers (Losey
and Vaughn 2006). Lady beetles (Coleoptera:
Coccinellidae) are a common group of predatory
insects which shape plant biomass production by
regulating population growth of herbivores. The
lady beetles are considered an important ecosys-
tem service provider in agricultural systems
where they consume aphids and other small soft-
bodied prey. Given the global importance of
aphids as crop pests, lady beetles have been well
studied within agroecosystems; however, long-
term studies are rare. Beginning in 1989, ento-
mologists associated with the KBS LTER began
long-term data collection on the abundance and
diversity of Coccinellidae within agricultural
crops and surrounding non-crop habitats (Mare-
dia et al. 1992b, c). Weekly observations of 13 spe-
cies of lady beetles in 10 habitats during the
growing season over nearly three decades pro-
vide an unparalleled view of how native insect
communities respond to exotic invasions.

The initial observations of lady beetles at the
KBS LTER began just three years after the

detection of the exotic European seven-spotted
lady beetle (Coccinella septempuncata) in southern
Michigan (Maredia et al. 1992a). Even at this
early stage of invasion, it already comprised
nearly 80% of the total lady beetle capture in
1989 (Fig. 4). Since then, three additional species
of exotic lady beetles have been detected at the
site. The multicolored Asian lady beetle (Harmo-
nia axyridis), a native of eastern Asia, was first
captured in 1993 (Colunga-Garcia and Gage
1998), followed by two Eurasian species, the var-
iegated lady beetle (Hippodamia variegata) and the
fourteen-spotted lady beetle (Propylea quatuordec-
impuncata) in 1997 and 2006, respectively (Gar-
diner and Parsons 2005, Gardiner et al. 2009a). Of
these species, C. septempuncata and H. axyridis
rapidly increased in abundance to become the
dominant lady beetles in the community (Gar-
diner et al. 2009b). Although several native spe-
cies could be described as co-dominant at the
outset of the study, now only one native species,
the pink lady beetle (Coleomegilla maculata) rou-
tinely reaches abundances greater than 25% of
the community (Bahlai et al. 2013). Abundance
peaks of C. maculata are primarily associated
with the presence of maize (Colunga-Garcia et al.
1997) (which occurs every three years in the
LTER crop rotation) and provide abundant pol-
len that C. maculata thrives on. The ability of C.
maculata to persist in crop fields is likely due to
this incomplete dietary niche overlap with its
exotic competitors.
In addition to a variable coccinellid commu-

nity, the abundance of aphid prey at the KBS
LTER has also shifted over time, most dramati-
cally by the invasion of the soybean aphid (Aphis
glycines). The soybean aphid was first detected in
the U.S. Midwest in 2000 (Ragsdale et al. 2011)
and underwent dramatic boom-bust cycling until
2005 when widespread insecticide use largely
damped this dynamic (Bahlai et al. 2015b). Dur-
ing this time, the soybean aphid provided
unprecedented abundance of highly palatable
prey that were differentially utilized by the lady
beetle community, affecting dynamics between
individual species depending on their foraging
traits. The invasion of soybean aphid was partic-
ularly favorable to H. axyridis (Fig. 5) (Knapp
et al. 2012), which as part of the entire predator
community can provide top-down control of the
soybean aphid (Costamagna and Landis 2006)
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resulting in a trophic cascade which protects
crop yield (Costamagna et al. 2007).

Yet, although the Coccinellid community
structure at the KBS LTER has changed dramati-
cally over the study period, it appears no one
invasion can completely explain the changes
observed. An early analysis of site-wide popula-
tion trends by species immediately before and
after the arrival of H. axyridis found conflicting
trends among population patterns in native lady
beetle species: Two species declined, one species
increased, and the remaining species maintained
former levels (Colunga-Garcia and Gage 1998).
However, a later analysis after the invasion of
soybean aphid and which accounted for habitat
use patterns found that as H. axyridis reached
very high numbers in agricultural habitats, sev-
eral native species both declined in abundance
and dramatically shifted their habitat use pat-
terns (Bahlai et al. 2015a). This result aligned
directly with the predictions of the “habitat com-
pression” hypothesis (Evans 2000) that suggests
that with agricultural land-use change, native
lady beetles expanded from their natural habitats
(e.g., woodlands) to exploit aphids in crop fields.

However, with the introduction of superior com-
petitors like C. septempunctata, which effectively
reduced crop aphid abundance, crop habitats
were no longer attractive to native species, which
then “retreated” to their ancestral habitats. This
suggests that if exotics are effective at replacing
mortality previously provided by the natives,
then overall pest suppression in croplands may
be relatively unaffected. Indeed, we have
observed no disruption to the community’s over-
all ability to deliver biocontrol services in the
landscape, despite near-complete lack of pest
suppression by native species in crop habitats
(Bahlai et al. 2013) (Fig. 6).
Invasions of exotic coccinellid species have

caused dramatic shifts in the species composi-
tion, but not the function of the coccinellid com-
munity at our site, and this effect was further
exacerbated by the arrival of an exotic prey spe-
cies. Yet, the future of pest suppression at our site
is uncertain. Lower diversity coccinellid commu-
nities dominated by exotic species may be less
resilient to disturbance, or because of founder
effects on genotypic variation, more susceptible
to pathogens. Additionally, shifting weather and

Fig. 4. Number of exotic lady beetles in the KBS LTER community and soybean aphid outbreak years (top)
and long-term trends in native vs. exotic lady beetle abundance at the KBS LTER, 1989-2012. (Modified from
Bahlai et al. 2013.)
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climate patterns may affect the phenological
niche partitioning that allows certain native coc-
cinellid species to coexist with the exotics, exacer-
bating native species loss. Finally, because native
species may be more reliant on high-quality
undisturbed habitat fragments, continued habitat
loss will likely further exacerbate exotic species
dominance in this community. Continued study
will determine if, and by what mechanisms,
native lady beetles may be able to persist in the
increasingly exotic-dominated insect landscape
of the KBS LTER.

CLIMATE CHANGE CAN AFFECT SPECIES IN
COMPLEX AND UNANTICIPATED WAYS: AN
EXAMPLE WITH ZEBRA MUSSELS AND
CYANOBACTERIA IN LAKES

A second trophic cascade example from the
KBS site shows how long-term data are essential
for sorting out interactions between climate, the

invasive zebra mussel, and harmful cyanobacte-
rial blooms. As in the lady beetle example, these
cascades take place in a highly relevant human
use context.
Each species in a community potentially

responds to climate change and variability differ-
ently, and this can sometimes disrupt ecological
relationships between species in unanticipated
ways. These disruptions to species interactions
can include mismatches in spatial distributions
and phenologies, as well as extirpations, in
response to both gradual and punctuated cli-
matic variation (Memmott et al. 2007, Chen et al.
2011, Wernberg et al. 2013). Long-term data are
requisite to understand community responses to
climatic variation in order to distinguish actual
trends from background noise and to document
the short-term and protracted effects of extreme
events, which can be highly stochastic and episo-
dic in nature. Here, we present an example from
freshwater habitats based on >15 yr of

Fig. 5. Abundance of adult multicolored Asian lady beetles (Harmonia axyridis) at the KBS LTER from 1989 to
2010. This invasive species was first detected in 1994 and until 1999, mean abundance (marked by line a) was
approximately 0.2 adults per trap/week. Following the arrival (dashed vertical line) of the soybean aphid (Aphis
glycines), major aphid outbreaks (arrows) occurred every other year from 2001-2005, prompting strong numerical
responses by Harmonia in the subsequent years and overall greater mean abundance (marked by line b). Since
2007, no aphid outbreaks have occurred and a new pattern of intermediate Harmonia abundance (marked by line
c) is establishing. (Reproduced from Knapp et al. 2012.)
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observations of invasive zebra mussels (Dreissena
polymorpha) and harmful cyanobacteria (Micro-
cystis aeruginosa) in Gull Lake, adjacent to the
Kellogg Biological Station (KBS) LTER site in
southwestern Michigan.

Dreissena polymorpha is a widespread aquatic
invasive species in North America that causes
considerable economic and ecological damage
from biofouling of water infrastructure, declines
in native species (particularly bivalve mollusks),
and shifts in habitat productivity and phyto-
plankton community composition (Strayer 2008,
Higgins and Vander Zanden 2010). Since their
inadvertent introduction into the Great Lakes

system beginning in the 1980s (probably through
the ballast water of transatlantic ships), zebra
mussels have spread to hundreds of smaller
inland lakes, most likely via recreational boating
(Johnson and Padilla 1996).
Zebra mussels arrived in Gull Lake, a low-nu-

trient inland lake, in the early 1990s. Soon after
we observed surprising summer blooms of a
toxic cyanobacterium—Microcystis aeruginosa—a
species that is usually associated with more
eutrophic, nutrient-rich waters. This observation
stimulated more than a decade of research at
KBS to determine whether the introduction of
zebra mussels may have caused the shift in

Fig. 6. Herbivore suppression potential (in natural enemy units, NEU) of aphidophagous coccinellid commu-
nity by habitat type at Kellogg Biological Station, Hickory Corners, MI, 1989-2012, showing observed values
(symbols) and 3 yr. smoothed (lines) data. (A) Herbivore suppression potential of all species. (B) Herbivore sup-
pression potential due to native species only. Note that the scale of the chart excludes one outlier: a value of 0.95
NEU in annual crops in 1999. (Reproduced from Bahlai et al. 2013.)
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phytoplankton composition toward this undesir-
able species.

A series of experiments in large enclosures sus-
pended within Gull Lake, microcosm experi-
ments in the laboratory, and lake surveys
conducted across Michigan have now established
a clear causal link between invasion by zebra
mussels and increased dominance of the late
summer phytoplankton community by Microcys-
tis (Raikow et al. 2004, Sarnelle et al. 2005, Sar-
nelle et al. 2012) (Figs. 7, 8). This link is strongest
in lakes where there is an expectation for Micro-
cystis to be rare because of low phosphorus con-
centrations. Such lakes are the most common
kind in Michigan. At higher nutrient availability
(i.e., in eutrophic lakes), zebra mussels can have
a negative effect on Microcystis (Sarnelle et al.
2012). Furthermore, we found that the concentra-
tion of toxin (microcystin) produced by Microcys-
tis also increased in lakes colonized by zebra
mussels (Knoll et al. 2008), particularly when
nitrogen is relatively abundant (Horst et al.
2014).

The mechanism whereby zebra mussels pro-
mote Microcystis is still not known with certainty.

Most likely, it involves some degree of selective
feeding by the mussels, in which they egest the
Microcystis as pseudofeces while digesting most
other phytoplankton species, which may also
enhance nutrient uptake by Microcystis (Vander-
ploeg et al. 2001). Another hypothesis, which is
not mutually exclusive, involves the excretion of
nitrogen and phosphorus by the mussels in
forms or ratios that somehow favor Microcystis
(Vanderploeg et al. 2017). In addition, the ability
of Microcystis to regulate its buoyancy could
allow it to access nutrient-rich bottom waters
around zebra mussel colonies.
The influence of climate change on the zebra

mussel-Microcystis interaction centers on the
impact of increasing water temperature. Elevated
temperatures during the summer will increas-
ingly bring lakes into the optimum ranges for
cyanobacterial growth, and along with associ-
ated increases in water-column stability (thermal
stratification), limnologists have predicted that
cyanobacterial blooms will generally increase
with warming temperatures (Paerl and Huisman
2008, Carey et al. 2012, Kosten et al. 2012).
Records of ice cover are one of the longest ser-

ies of data available to indicate whether lakes are
becoming warmer overall. Like many other
north-temperate lakes with long-term ice cover
records (Magnuson et al. 2000, Jensen et al. 2007),
Gull Lake exhibits a response consistent with a
warming climate. The Gull Lake ice cover record,
which dates back to 1924 and continues to be
maintained as a KBS LTER data set, shows a sig-
nificant decrease in winter ice cover of 0.22 d/yr,
such that the ice season is now 20 d shorter than
when record keeping began (Fig. 9A). In Gull
Lake, this is driven by a significant trend toward
later freeze dates, although there is also a ten-
dency toward earlier thaw dates (Fig. 9B). In the
absence of a sufficiently long water temperature
record, these ice cover data reflect an overall,
long-term warming trend of the lake and its sur-
roundings.
The distribution of zebra mussels is known to

be limited by high water temperatures, and labo-
ratory experiments suggest an acute lethal tem-
perature threshold of 30 °C (Nalepa and
Schloesser 2013). Mussel die-offs have been asso-
ciated with warm-water temperatures (~30°C) at
the southernmost limits of their range (Allen
et al. 1999, Boeckman and Bidwell 2014,

Fig. 7. Influence of zebra mussels (Dreissena poly-
morpha) on total cyanobacterial dominance in Michi-
gan inland lakes surveyed in 1998–1999, expressed as
a relative abundance index. Regression lines are as fol-
lows: lakes without zebra mussels (solid line, squares),
y = 6.338x � 8.6594, R2 = 0.21, P = 0.026; and lakes
with zebra mussels (dotted line, circles), not significant
(P = 0.79). Cyanobacteria, including Microcystis,
increase with total phosphorus (TP) in Michigan
inland lakes except when D. polymorpha are present, as
a result of their promotion of Microcystis at lower TP.
(Reproduced from Raikow et al. 2004.)
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Churchill et al. 2017). Compared to shallower
inland lakes of Michigan, Gull Lake is deep and
cool but its surface waters can approach 30°C in
the warmest summers. Nevertheless, in monitor-
ing zebra mussel populations since 1998, we
never observed mass mortality of the mussels
until one week in 2010.

In that week of relatively warm weather
(August 2010), maximum water temperatures in
Gull Lake reached 29°C and nearly all of the
mussels died abruptly in waters down to about
4 m depth (Fig. 10). Mussels did not re-establish

in the shallow waters until 2013, as a result of
continued high mortality (mean: ~84%) and
failed recruitment during the two summers fol-
lowing the initial die-off, when surface water
temperatures exceeded 30°C. Zebra mussel pop-
ulations in Gull Lake subsequently recovered by
2014, presumably by reproduction of surviving
mussels in cooler waters below the summer ther-
mocline. Interestingly, water temperature records
over 13 yr showed that previous years without
mussel die-offs had reached similar maximum
temperatures to those when high mortality was

Fig. 8. Influence of Dreissena polymorpha presence (solid bars) or absence (open bars) on Microcystis biomass
(A, B) and microcystin toxin (C, D) in Michigan inland lakes. A comparison is made between invaded (n = 20)
and non-invaded (n = 19) low-nutrient (TP ≤ 20 µg/L) lakes distributed across Michigan that were surveyed in
2002–2003 (A, C) and Gull Lake during years mussels were either present (n = 10) on the mixed layer sediments
or absent (n = 3) as a result of heat-induced mass mortality (B, D). Error bars are � SE. The magnitudes of
change in both Microcystis biomass (3.69 vs. 3.89) and microcystin (3.39 vs. 5.29) are highly congruent between
the lake surveys and Gull Lake long-term monitoring, respectively. Note the difference in scale between the
microcystin panels. Data in (A) and (C) are from Knoll et al. (2008); data in (B) and (D) are from White et al.
(2017).
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observed, suggesting that the mussel mortality
we observed was not a simple function of maxi-
mum water temperature.

We followed up these observations by deploy-
ing caged mussels and temperature loggers
across a depth–temperature gradient in Gull
Lake over four summers. Observations of in situ

mortality as well as laboratory incubation experi-
ments led us to conclude that it was not the abso-
lute maximum temperature but rather the
accumulated time (i.e., degree hours) in water
>25°C that resulted in mass mortality (White
et al. 2015) (Fig. 11A). This lethal threshold is
considerably lower than many previous

Fig. 9. Gull Lake ice cover trends, 1924–2016. (A) Ice cover duration in days (linear regression,
y = �0.218x + 501.5, R2 = 0.05, P = 0.034). (B) Freeze date (gray circles; linear regression, y = 0.174x – 3367.0,
R2 = 0.11, P = 0.001) and thaw date (black circles; linear regression, P > 0.05); dates are day of year relative to 31
December. The lake is considered frozen if more than half of the surface is ice-covered for more than 1 d.
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experimentally derived estimates for Dreissena.
Much attention has focused on the acute, maxi-
mum temperature tolerance of a focal organism,
but we found that chronic exposure to warm but
sublethal temperatures is also critical. Climate
change scenarios project increases in not only
maximum temperatures but also the duration of
warm temperatures, so we may expect more of
these warm-water episodes and associated

stresses for the biota of north-temperate lakes in
the future.
Of particular interest with regard to our previ-

ous research was the observation that during
summers when zebra mussel density on the sedi-
ments in contact with the mixed layer was drasti-
cally reduced by heat-induced mortality,
Microcystis abundance and microcystin concen-
tration declined by an average of 71% and 81%,

Fig. 10. (A) Recently expired Dreissena polymorpha retrieved from the nearshore area of Gull Lake immediately
following the 2010 mass mortality event on mixed layer sediments. (B) Shells of dead D. polymorpha cover the bot-
tom of Gull Lake at a depth of 2 m in 2011, following the 2010 mass mortality event. (Reproduced from White
et al. 2015.)
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respectively, in Gull Lake (White et al. 2017). This
included 2012, the warmest summer of the 13-yr
period of record, when Microcystis biomass was
nearly an order of magnitude lower than would
be predicted from water temperature alone. In
contrast, for years when Dreissenawere abundant
on mixed layer sediments, we found a signifi-
cant, positive relationship between summer
mean water temperature and Microcystis biomass
in Gull Lake (n = 10 yr), with biomass varying
nearly 16-fold across this period (White et al.
2017) (Fig. 11B). This supports our previous con-
clusions from field experiments and lake surveys
regarding Dreissena’s role as a strong facilitator
of Microcystis in low-nutrient lakes (Fig. 8) and
represented a “natural experiment” that we
could never have conducted intentionally.
Generally, the forecast for cyanobacteria is to

increase with warming temperatures, but in this
particular example, the complex interaction
between zebra mussels, nutrient availability, and
Microcystis may actually result in a decrease in
blooms in low-nutrient Michigan lakes as water
temperatures warm. We were able to identify this
complex interaction only through multiple years
of observations in Gull Lake—which enabled us
to recognize unusual events—in combination
with hypothesis testing through experimenta-
tion. The combined complexity of ecological net-
works and stochasticity of climatic variation—
particularly statistically extreme, episodic events
—is difficult to understand and disentangle in
short-term studies. The fortuitous observation of
a mass die-off of Dreissena during our long-term
monitoring served as an additional line of evi-
dence to support our earlier findings and
revealed an example of how climate change may
affect ecological interactions in complex and
unpredictable ways.

CLIMATE, SEA ICE, AND PENGUINS IN
ANTARCTICA

Long-term research at the Palmer (PAL)
Antarctica LTER site has characterized a cascade
of effects catalyzed by changes in sea ice that
have led to declines and increases in different
species of penguins in the region. These changes
appear to be influenced by multiple, interacting
mechanisms that lead to diverse and unexpected
ecosystem states.

Fig. 11. Inverse responses of Microcystis and Dreis-
sena polymorpha to natural temperature variation in
Gull Lake. (A) Survivorship of caged Dreissena poly-
morpha (16–30 mm shell length) in Gull Lake (May–
October 2011-2014) as a function of lake degree hours
>25°C. Results from a 2014 laboratory experiment
assessing the chronic temperature tolerance of Gull
Lake D. polymorpha are included for comparison (trian-
gles). Survivorship is given as the proportion of
remaining live individuals. Error bars are � SE. The
regression line (significant at P < 0.05) is for caged D.
polymorpha only. The arrow denotes accumulated
degree hours in Gull Lake during the initial mass mor-
tality event in 2010. (B) Gull Lake Microcystis dry bio-
mass as a function of interannual variation in lake
degree days >15°C. Note the log scale. Years with
abundant zebra mussels (D. polymorpha) on mixed
layer sediments (circles, n = 10) are differentiated from
years (2011-2013; n = 3, squares) during which they
were largely absent as a result of heat-induced mass
mortality. The regression line (significant at P < 0.05)
is for years with D. polymorpha only. Data in (A) modi-
fied from White et al. (2015); data in (B) from White
et al. (2017). Note the difference in metrics between the
x-axes.
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Palmer Station is one of three research bases
operated by the U.S. Antarctic Program. It is
located on the western side of the Antarctic
Peninsula (WAP, 64.8° S, 64.1° W), about 800
miles south of Punta Arenas, Chile. The Palmer
Station region has been a region of rapid climate
warming and conspicuous ecosystem response,
making it an ideal region for an LTER site and
for studying environmental change. The Palmer
LTER project has been investigating the marine
pelagic ecosystem in the WAP region since 1992,
based on a rich body of preceding observations,
especially on Ad�elie penguin populations, a criti-
cal data set for detecting and assessing change in
the Antarctic marine ecosystem. Here, we review
changes observed in the region and their proba-
ble drivers, assess the problem of attributing eco-
logical changes to long-term climate change, and
finally discuss the challenge of detecting change
at ecologically relevant scales in an area of great
climate and biological variability.

The marine ecosystem over the continental
shelf in the northern WAP has experienced sig-
nificant changes at the bottom and top of the
food web. The changes in Ad�elie and related
local Pygoscelid penguin populations provided
the first clear evidence of ongoing environmental
change in the Palmer region (Fig. 12; Fraser et al.
1992). Ad�elies had already declined by about
30% before the first documented increases in air

temperature in the mid-1990s. Gentoo penguins,
well-established farther north along the Penin-
sula and on the subantarctic islands, first started
to immigrate to the Palmer region in low num-
bers in the mid-70s and subsequently increased
rapidly via successful local breeding and contin-
ued immigration.
The primary producers in the WAP ecosystem

are unicellular phytoplankton, with generation
times on the order of 1–10 ds, and corresponding
space (patch) scales of 10–100 km. Their great
temporal variability and spatial variability con-
found trend detection by traditional discrete
shipboard sampling. The PAL LTER detected a
significant (ca. 50%) decline in phytoplankton
stocks over 1978–2006 from satellite ocean color
data (Montes-Hugo et al. 2009). More recent data
show the trend continuing through 2012
(Fig. 13A). Phytoplankton are not merely declin-
ing in numbers; they are also getting smaller. In
Antarctic coastal and shelf environments, phyto-
plankton communities tend to be dominated by
large diatoms, the preferred food of Antarctic
krill. However, phytoplankton >20 µm in size
(diatoms) are decreasing in the shelf environ-
ment in the northern WAP (Fig. 13B) and being
replaced by smaller forms (e.g., cryptophytes)
that cannot be grazed efficiently by krill. These
changes have large implications for Antarctic
krill, the critical link between primary producers

Fig. 12. Changes in Pygoscelid penguin populations near Palmer Station 1975–2015. The zero entries (Gentoo,
1976–1992) are observations while an absence of symbols indicates no data. Red arrow: abrupt change in nonlin-
ear response to sea ice change in 1993. Data courtesy W. R. Fraser; available from http://oceaninformatics.ucsd.ed
u/datazoo/data/pallter/datasets: What will Palmer look like in the future ver 2.3.docx.
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and large predators in the Antarctic marine food
web.

Most Antarctic marine populations are criti-
cally dependent on the spatial extent and dura-
tion of sea ice cover (pagophily). Long-term sea
ice decline is the principal driver of ecological
change in the WAP region (Bestelmeyer et al.
2011). At interannual scales, sea ice variability is
driven by 3–6-yr cycles of the Southern Annular
Mode and ENSO-related atmospheric forcing.
Sea ice has been linked to interannual variability
of phytoplankton bloom magnitude and krill
breeding success through variations in water-col-
umn stratification and mixing (Saba et al. 2014).
In this context, Ad�elie penguins crossed a thresh-
old in response to declining sea ice in 1993
(Fig. 12), exhibiting an abrupt transition in popu-
lation trajectory associated with an apparent
regime shift. However, mechanistically linking a
sea ice decline to this transition presents a com-
plicated picture that is not necessarily attributa-
ble to changes in krill abundance. For example, a
direct linear relationship does not explain why
other krill predators such as Gentoo and

Chinstrap penguins are increasing. Indeed,
changes in penguin populations are likely influ-
enced by multiple, interacting mechanisms, some
of which are likely yet to be discovered, and may
include processes unrelated to marine food web
dynamics such as the effects of colony exposure
to prevailing winds and snow accumulation (Fra-
ser et al. 2013). The case of krill is examined fur-
ther below.
Antarctic krill (Euphausia superba) present an

apparently clear case of long-term ecological
change correlated with sea ice decline. Krill are
crustacean zooplankton (adult size 6 cm, 2 g wet
weight), the dominant prey item of penguins,
seals, and whales. They are highly variable in
space and time and difficult to capture in their
preferred habitat, the sea ice zone. Krill density
can range from zero to vast swarms covering
hundreds of kilometers. These factors complicate
establishing trends. Meta-analysis of circumpolar
summertime krill data from 1926 to 2004 showed
a significant long-term, basin-scale decline in the
Southwest Atlantic sector (50-70° S, 30-70° W,
including the northern WAP), and comprising

Fig. 13. Standardized trends (SD/yr) of phytoplankton properties along the western Antarctic Peninsula from
1997 to 2014. (A) Phytoplankton biomass ([chl-a] mg/m3; Dierssen and Smith 2000); (B) cell size (fraction [chl-
a] > 20 lm; Montes-Hugo et al. 2009). Each color pixel indicates a significant trend (P < 0.05), calculated from
the seasonally detrended anomalies over the period.
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50–70% of the total Southern Ocean krill popula-
tion (Atkinson et al. 2004). There was a signifi-
cant correlation between temporal changes in
krill stocks over the SW Atlantic sector and sea
ice extent and duration. However, change in
midsummer E. superba stocks within the
700 9 200 km LTER sampling grid (1993–2013,
20–100 km resolution) did not reflect the larger
trend of krill decline related to sea ice change in
the SW Atlantic (Steinberg et al. 2015). Antarctic
krill in the LTER region did not change over the
study period, although their variability was
related to measured rates of primary production
lagged by two years. This relationship suggests
that regional, interannual variations of larval
recruitment to adult krill populations are related
to sea ice-mediated changes in food availability.
However, as outlined above, the types of food
preferred by the krill are changing.

What the ecosystem looks like moving for-
ward will depend on the future mean state and
associated variance of the system’s environmen-
tal drivers (sea ice, winds, and atmospheric/ocea-
nic warming in particular). Although the WAP
environment is changing rapidly, it remains chal-
lenging to discern some ecological (phytoplank-
ton, zooplankton) trends at local to regional
scales in less than a few decades. This highlights
the importance of repeated surveys over spatial
scales relevant to key processes in order to docu-
ment and understand food web responses to cli-
mate change. Trends in the Palmer region
suggest a future ecosystem dominated by micro-
bial primary producers and the absence of some
of the iconic species typifying Antarctic seas. This
forecast, based on the simplistic assumption that
current forcing will continue, is always uncertain
(Turner et al. 2016), especially in ecological sys-
tems prone to nonlinear regime change (Bestel-
meyer et al. 2011).

PAST AND PRESENT LAND USE ARE PRIMARY
DRIVERS OF FOREST CHANGE IN SOUTHERN
NEW ENGLAND

For over a century, Harvard Forest (HFR)
researchers have studied the cascading effects
wrought by centuries of human land use in
southern New England. A history of extensive
land clearance and timber harvesting for agricul-
ture well into the 19th century, followed by farm

abandonment and forest succession, initiated a
lengthy trajectory for the region’s forests as they
continue to develop in structure, composition,
and function. Modern global change dynamics,
including climate change and natural and human
disturbances, are thus overlaid on an inherently
dynamic system. Thirty years of research in Har-
vard Forest’s Long-Term Ecological Research
program has allowed scientists to disentangle
past and present drivers of change and to under-
stand better their interactions and implications
for the future.
The legacy of colonial-era land use continues

to drive changes to New England’s forests in
three distinct ways: (1) forest area, (2) structure
and biomass, and (3) species composition. Mod-
ern global change drivers alter those trajectories
in ways that are sometimes subtractive (e.g.,
modern land-use converting forests to other
uses), sometimes additive (e.g., growing seasons
lengthened by climate change enhance tree
growth), and often unprecedented (e.g., invasive
insects selectively eliminating foundation tree
species). HFR’s long-term observational studies,
experiments, measurements, and modeling have
begun to separate the legacies of past and mod-
ern forces. They show a surprising endurance of
history that would not have been predicted from
dominant theory or short-term studies.
Prior to European colonization, New England

was almost completely forested. By the mid-19th

century, at the peak of colonial agriculture, only
about half of southern New England’s forests
remained. Since then, in a globally relevant
example of ecosystem resilience, forest cover has
expanded across >80%t of the landscape
(Fig. 14). After more than 150 yr of expansion,
the extent of forest area peaked in the 1980s and
has been followed by a steady decline of forest
cover in every New England state, as conversion
to developed uses eliminated an average of
24,000 acres of forest each year regionally from
1990 to 2010 (Olofsson et al. 2016, Foster et al.
2017). If recent trends in land development per-
sist, over the next 50 yr, human land use is
poised to exert an even greater influence on the
extent of Northeast U.S. forests than climate
change (Thompson et al. 2011, Duveneck and
Thompson 2019).
Like much of New England’s forests, the domi-

nant canopy trees at HFR are over a century old.

 v www.esajournals.org 19 May 2021 v Volume 12(5) v Article e03430

SPECIAL FEATURE: FORECASTING EARTH’S ECOSYSTEMS WITH LONG-TERM ECOLOGICAL RESEARCH BAHLAI ETAL.



As the forest matures, theories of forest ecosys-
tem development (e.g., Bormann and Likens
1979, Kominoski et al. 2018a) predict a transition
from strong biomass aggradation to slowing bio-
mass growth and stochastic mortality forming
canopy gaps. But that is not what’s happening at
HFR. Thirty years of eddy covariance and plot
measurements show little canopy mortality, and
the rate of biomass accrual is increasing due to
continued post-colonial forest development and
anthropogenic changes to climate and atmo-
spheric chemistry. A continual measure of forest
growth has been recorded since 1990 by HFR’s
EMS eddy-flux tower, which is the world’s long-
est continuous record of forest ecosystem carbon,
water, and energy exchanges with the atmo-
sphere (Fig. 15; Barford et al. 2001, Urbanski
et al. 2007). Biometric inventory plots within the
tower’s footprint provide an estimate of above-
ground productivity as an independent con-
straint on the annual C balance from the eddy
covariance measurements. HFR scientists have
brought together hundreds of thousands of
observations on the C cycle at HFR, derived from
a wide range of temporal and spatial scales and
collectively describing the mixture of conifer-
and hardwood-dominated forests as active C
sinks with soils and tree biomass having nearly

equal contributions to C storage (Finzi et al.
2020).
Perspectives from dendroecology and paleoe-

cology records gathered by HFR scientists across
New England reveal a specific pattern of forest
change over centuries and millennia. This pattern
was driven largely by climate change and accom-
panied by gradual (although occasionally
abrupt) shifts in compositional structure (e.g.,
range-wide collapse of eastern hemlock loss
5500 yr bp). These records underscore the resili-
ence of the region’s forests and the tight coupling
between climate and forest structure and compo-
sition—until European settlers arrived.
Shifts in the forces governing forest change

during European settlement can best be seen in
archival land-survey records. By assembling a
comprehensive database of records describing
hundreds of thousands of “witness trees,” once
used as property markers, HFR has developed a
robust understanding of pre-colonial forest com-
position. Long-lived and shade-tolerant species,
such as beech, oak, and hemlock dominated
these forests. Save for the chestnut, which was
eliminated as a canopy tree by a fungal blight
early in the twentieth century, all native tree spe-
cies remain part of the modern forest despite dra-
matic shifts in community composition (Fig. 16).

Fig. 14. Forest cover in New England declined from ca. 1600 to 1865 as European colonists converted much of
the landscape for agricultural uses. In the mid-nineteenth century, widespread farm abandonment initiated more
than 150 yr reforestation. Since the mid-1980s forest cover has been declining as forests are converted for residen-
tial development and other developed uses. (Adapted from Foster and Aber 2004.)
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Fig. 15. Cumulative ecosystem uptake of carbon (C, i.e., net ecosystem production) as measured at the Har-
vard Forest Environmental Measurement Site flux tower. The area surrounding the tower is dominated by red
oak (Quercus rubra) and red maple (Acer rubrum) trees that are between 100 and 120 yr old; their continuous
uptake of C is testament to the ongoing recovery of forests from colonial land use. Data from Harvard Forest
Data Archive (Munger and Wofsy 2019).

Fig. 16. The relative composition of New England’s forests between pre-colonial era Witness Trees
(n = 133,551) and modern inventory trees (n = 79,315) has changed substantially. While native trees continue to
dominate the landscape, the community composition has shifted dramatically; late-successional species have
declined in favor of early-successional species. (From Thompson et al. 2013.)
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Modern forests have a much higher proportion
of red maple, cherry, and other pioneer species.
Further, the tree composition is more homoge-
neous and less coupled to local climatic controls
(Foster et al. 1998, Fuller et al. 1998). The witness
tree records strongly associate the magnitude of
colonial land use with the degree of composi-
tional change in the modern forest (Thompson
et al. 2013).

Permanent plot studies at the Harvard Forest
—ranging in size from 400 m2 to 35 ha, and in
temporal depth from <10 to >80 yr—also reveals
the slow compositional shift as recovering forests
continue to grow and trend toward mature, late-
successional, long-lived, and shade-tolerant spe-
cies (Eisen and Barker Plotkin 2015). On many
HFR forest plots, red oak is slowly overtopping
and succeeding red maple. The dominance and
greater photosynthetic capacity of oaks is one
reason for the increased C uptake observed at
the EMS flux tower (Urbanski et al. 2007).

Long-term data from HFR have been used
extensively to formalize theory and parameterize
models of ecosystem development (e.g., Aber
et al. 1992, Albani et al. 2006). These models have
recently been coupled to models of land use and
forest management to help scale site-based data
to the region (Duveneck and Thompson 2019).
Simulations suggest that future land use, not cli-
mate change, will have the greatest influence on
forest dynamics in New England over the next
50 yr. Today, the region’s forests are mostly (i.e.,
>80%), controlled by private landowners, includ-
ing >800,000 family-owned woodlots and many
large, corporate-owned timberlands. Public land
—a few large, federally managed forests and
many state and municipal forests—is also impor-
tant components of the landscape. The modern
forest land-use regime includes variable rates,
patterns, and intensities of forest conversion, har-
vesting, and land protection. The ownership
mosaic explains much of the variation in regional
scale land use (Foster et al. 2017, Thompson et al.
2017a, b). Forest loss to development is concen-
trated around urban areas while timber harvest-
ing remains the dominant ecological disturbance
in the rural landscape (Kittredge et al. 2017). A
continuation of the recent land-use trends will
result in a large and spatially heterogeneous dif-
ference between the potential and realized C

stocks. If recent trends continue, simulations sug-
gest that forest C would be reduced by 16%,
below potential levels (Duveneck and Thompson
2019).
However, recent land-use change is not neces-

sarily predictive of the future. To better envision
the range of potential land-use futures, HFR has
led a major participatory scenario project, called
New England Landscape Futures (NELF), to
examine the socio-ecological implications of
alternative land-use trajectories. The scenarios
were co-designed with more than 200 stakehold-
ers from throughout the region (McBride et al.
2017, 2019). Through a multi-year structured pro-
cess, NELF produced four divergent narrative
scenarios that contrast with a recent trends sce-
nario. The qualitative scenarios were translated
to quantitative representations of land-use and
land cover (LULC) change that, in turn, were
used to simulate the future forest impacts in a
physiologically based forest landscape model
calibrated and validated using long-term data
from HFR. The simulations yielded strongly
divergent representations of the future New Eng-
land landscape that differ in terms of the
amount, type, intensity, and spatial pattern of
change.
Today, HFR researchers are using these scenar-

ios and simulations to understand better the
range of human and natural impacts—past, pre-
sent, and future—driving ecosystem processes
and services, from C storage, to wildlife habitat,
to stream flows. They are working closely with
land managers and policymakers to forge a sus-
tainable future for the landscape at local to
national scales.

CONCLUSIONS

Cascading effects, which we have defined very
broadly to include a wide array of unforeseen
chains of events that result from a variety of
actions or changes in a system, will continue to
be an important challenge in analysis of future
ecosystem structure, function, services, and tra-
jectories. The case studies presented here support
the idea that interactions among ecosystem attri-
butes and the emergent properties of ecosystems
lead to nonequilibrium trajectories of ecosystem
change (Peters et al. 2011, Grimm et al. 2017,
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Kominoski et al. 2018a). Cascading effects should
therefore be viewed in a framework of alternate
ecosystem development trajectories that produce
a wide range of ecosystem structure, function,
and services (Carpenter et al. 2006, Chapin et al.
2010).

For example, although climate change is hav-
ing important direct effects on boreal forests, its
effects on fire activity—severity, size, and return
interval—are likely to have cascading effects on
multiple aspects of these ecosystems that will be
much more profound than the direct effects over
the long term. In the temperate forests of the
northeast, legacies of a long history of human
management and disturbance strongly affect the
composition of current forests, which creates a
cascade of effects as the new tree species are deci-
mated by the climate-facilitated invasion of an
exotic pest. In Antarctica, declining sea ice cre-
ates a cascade of effects including declines in
Ad�elie and increases in Gentoo penguins, and
changes in phytoplankton and then zooplankton
populations. In the face of complex environmen-
tal change, it is important to recognize that cas-
cading effects can catalyze multiple changes in
ecosystems that can lead to markedly different
outcomes.

In addition to expanding the range of cascad-
ing effects and possible outcomes of these effects,
our stories also shed light on new types of
trophic cascades in ecosystems. Changes in lady
beetle populations due to exotic species invasion
are likely to have important future effects on pest
control in agricultural ecosystems, as well as the
conservation of native species. Zebra mussels
have been a well-studied invader, but long-term
experiments and surveys have established links
between climate, the presence of the mussels,
and harmful algal blooms. Again, recognition
that ecosystems are changing and that trophic
cascades driven by invasive species can produce
a wide range of ecosystem responses, is critical
for understanding and managing these species
and their impacts.

These stories highlight the need for long-term
studies to sort out the complexities of different
types of cascades. The diversity of sites within
the LTER network facilitates the emergence of
overarching concepts about trophic interactions
as an important driver of ecosystem structure,
function, services, and futures.
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