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ABSTRACT

Demand for woody biomass fuels is increasing amidst
concerns about global energy security and climate
change, but there may be negative implications of in-
creased harvesting for forest ecosystem functions and
their benefits to society (ecosystem services). Using
new methods for assessing ecosystem services based
on long-term experimental research, post-harvest
changes in ten potential benefits were assessed for ten
first-order northern hardwood forest watersheds at
three long-term experimental research sites in north-
eastern North America. As expected, we observed
near-term tradeoffs between biomass provision and
greenhouse gas regulation, as well as tradeoffs be-
tween intensive harvest and the capacity of the forest
to remediate nutrient pollution. In both cases, service
provision began to recover along with the regenera-
tion of forest vegetation; in the case of pollution

remediation, the service recovered to pre-harvest le-
vels within 10 years. By contrast to these two services,
biomass harvesting had relatively nominal and tran-
sient impacts on other ecosystem services. Our results
are sensitive to empirical definitions of societal de-
mand, including methods for scaling societal demand
to ecosystem units, which are often poorly resolved.
Reducing uncertainty around these parameters can
improve confidence in our results and increase their
relevance for decision-making. Our synthesis of long-
term experimental studies provides insights on the
social-ecological resilience of managed forest ecosys-
tems to multiple drivers of change.
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INTRODUCTION

Escalating global concerns about long-term energy
supply and climate change have brought about
renewed interest in utilizing woody biomass from
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forests as a source of energy. Biomass is widely seen
as a renewable, low-carbon fuel with potential for
lowering net emissions of greenhouse gases,
improving energy security, facilitating desired land
management activities, and providing rural eco-
nomic opportunities (Manley and Richardson
1995; Munsell and Germain 2007; Perez-Verdin
and others 2008; Richter and others 2009; Aguilar
and Saunders 2010; Defries and Pandey 2010;
Openshaw 2010). At the same time, it is widely
acknowledged that biomass harvesting has the
potential to result in undesirable environmental
outcomes (Hacker 2005; Lattimore and others
2009; Williams and others 2009; Berger and others
2013; Lattimore and others 2013). Therefore, the
discussion surrounding bioenergy has placed strong
emphasis on understanding the extent to which the
expanded use of bioenergy will be socially and
environmentally sustainable (Robertson and others
2008; Janowiak and Webster 2010; Solomon 2010;
Volk and others 2010; Zabel 2010; U.S. Department
of Energy 2011).

To date, efforts to assess the sustainability of wood-
based biofuels have focused on a relatively small
number of tools and methods, with an emphasis on
resource availability (U.S. Department of Energy
2011; Davis and others 2012; Schulze and others
2012; Goerndt and others 2012), life cycle assess-
ment (LCA) modeling (Fantozzi and Buratti 2010;
Buonocore and others 2011; Djomo and others
2011; Lippke and others 2011a, b; Caputo and others
2014), and criteria-and-indicators protocols (Latti-
more and others 2009; Roundtable on Sustainable
Biofuels 2010; Lattimore and others 2013). Collec-
tively, these efforts provide estimates of maximum
sustained yield, greenhouse gas emissions, and en-
ergy return on investment (EROI), but do not ad-
dress the myriad other social and ecological factors
(and interactions) that shape the long-term sus-
tainability of woody biomass as a source of energy.

An ecosystem services framework can provide a
richer understanding of how a broader variety of
forest benefits may be impacted by forest harvesting,
including clean water, wildlife habitat, wild foods,
nutrient regulation, flood prevention and drought
mitigation, recreational opportunities, and spiritual
and aesthetic satisfaction, among others (MEA
2005). Efforts to quantify the services of forests and
woodlands have focused on provisioning (for
example, fiber and food) and climate regulation
benefits (for example, carbon sequestration), as well
as biodiversity (Beier and others 2008; Duncker and
others 2012; Garcia-Nieto and others 2013; Grét-
Regamey and others 2013; Schwenk and others
2012; Cademus and others 2014; Biber and others

2015). Although forests and woodlands have been
found to provide greater levels of benefits as com-
pared to other ecosystems (for example, Brown
2013), the relationship between forest structure and
service provision is not uniform across time and
space (Polasky and others 2014). Furthermore,
individual services interact with each other in com-
plex ways and this interaction can obscure the rela-
tionship between ecosystem structure and any one
service (Bennett and others 2009; Robertson and
others 2014). New methods and tools are needed to
better resolve this complexity and support the sci-
entific and decision-making basis for managing
ecosystem services (Carpenter and others 2006;
Daily and Matson 2008; Daily and others 2009).

In this study, we evaluated the effects of harvest-
ing biomass on the capacity of the forest ecosystem to
provide water and climate regulation benefits to lo-
cal and global beneficiaries. We use a new approach
for measuring regulating services based on coupling
long-term experimental research with empirical
proxies of human demand (Beier and others 2015).
Unlike other studies which use modeling outputs to
estimate changes in ecological capacity under mul-
tiple scenarios (Duncker and others 2012; Grét-Re-
gamey and others 2013; Schwenk and others 2012),
our approach makes use of empirical observations
and long-term data describing ecosystem function in
experimental watersheds in response to harvest.
Changes in ten potential benefit flows were esti-
mated over time and compared across ten managed
(experimental) and unmanaged (reference) mixed
hardwood forest watersheds at three research sites in
northeastern North America—a region with con-
siderable interest in and potential for using forest
biomass as an energy feedstock (Buchholz and oth-
ers 2011; Levin and others 201 1; Goerndt and others
2012). We assembled data from experimental
watersheds harvested at different times and varying
intensities using silvicultural practices commonly
utilized in the region. Based on ecosystem responses
to harvesting, we assessed tradeoffs between the
provision of woody biomass and drought mitigation,
flood prevention, remediation of nutrient pollution,
provision of clean drinking water, carbon seques-
tration, and several other potential benefits. We also
sought to characterize temporal patterns of tradeoffs
and recovery after harvest to gain insight into the
resilience of forest ecosystem services to multiple
drivers of change. We expected to observe tradeoffs
between biomass provision and greenhouse gas
regulation, but hypothesized that harvest-induced
tradeoffs related to water quality and quantity reg-
ulation would be less apparent. We also hypothe-
sized that tradeoffs resulting from harvesting would
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increase in magnitude with harvest intensity, al-
though not necessarily in a linear fashion.

METHODS
Sites

We compiled and analyzed data from watersheds at
three independent, long-term experimental re-
search sites: the Hubbard Brook Experimental
Forest (HB), Turkey Lakes Watershed (TL), and the
Neversink River Research Watershed (NR). Each of
these sites has one or more experimental water-
sheds which were subjected to a variety of harvest
regimes, as well as an uncut reference catchment.
For each watershed, we had access to long-term
data on stream flow, stream chemistry, and vege-
tation growth (Online Appendix 1).

Although choice of harvest treatments was ulti-
mately limited by the original experimental design
at the three sites, the treatments included in our
study represent the full range of silvicultural
treatments common to the region (Table 1; Online
Appendix 1). Several of these treatments—for
example, shelterwood harvest, silvicultural clear-
cut, selection harvest, and timber stand improve-
ment (TSI) cutting (that is, thinning)—are standard
silvicultural practices often recommended for use
in managing northern hardwoods (Nyland 1987).
Also included was the practice of diameter-limit
harvesting (or ‘high-grading”’), which is very
common in the region (Nyland 1992; Munsell and

others 2008) despite evidence that it results in
long-term degradation of the growing stock (Ny-
land 2007). Study watersheds also represented a
range of harvest intensity; for the purpose of this
study, we renamed watersheds to reflect both the
site and the harvest intensity (Table 1). High-in-
tensity treatments such as clearcutting and diame-
ter-limit harvesting were conducted on HB-H1 (HB
watershed 4), HB-H2 (HB watershed 5), NR-H (NR
watershed DC57), and TL-H (TL catchment 31).
Low-intensity treatments, including selection har-
vests, shelterwood harvests, and TSI (or thinnings),
were conducted on NR-L (NR watershed SC40),
TL-L1 (TL catchment 33), and TL-L2 (TL catchment
34). Unharvested references included HB-R (HB
watershed 6), NR-R (NR watershed CL25), and TL-
R (TL catchment 31). Data span from 1964 to 2007
at HB, from 1981 to 2009 at TL, and from 1992 to
2000 at NR.

Measures of Ecosystem Services

To quantify the effects of biomass harvesting on
water and climate regulation services of northern
hardwood forests, we analyzed data from long-
term ecosystem experiments using a suite of mea-
sures pertaining to four categories of ecosystem
services: water flow regulation (WFR), water
quality regulation (WQR), greenhouse gas regula-
tion (GHGR), and fiber provisioning (FP). Within
each category, we quantified one or more metrics
which represent a specific benefit (Table 2). For

Table 1. Study Watersheds at Three Sites in Northeastern North America, Hubbard Brook Experimental
Forest (HB), Turkey Lakes Watershed (TL), and Neversink River Research Watershed (NR)

Watershed Site Original Description
(local) name

HB-R HB 6 Reference

HB-H1 HB 4 Strip clearcut; harvested in sequential 25-m strips in 1970, 1972,
and 1974; streamside buffers left unharvested

HB-H2 HB 5 Clearcut; whole-tree harvest in late 1983; all residues removed

NR-R NR CL25 Reference

NR-L NR SC40 Timber stand improvement cutting; 5.6% of the basal area on
approximately 32% of the watershed area was removed in
1995-1996

NR-H NR DC57 Partial clearcut; 97% of the basal area was removed in 75% of the
watershed area in 1996-1997

TL-R TL 32 Reference

TL-L1 TL 33 Selection harvest; 29% basal area removed in 1997

TL-L2 TL 34 Shelterwood harvest; 42% basal area removed in 1997

TL-H TL 31 Diameter-limit harvest; all trees > 10 cm were removed in 1997,

Watersheds are labeled by site and by cutting intensity.
H = high intensity; L = low intensity; R = reference.

equivalent to 89% of the basal area
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example, for water flow regulation (WFR), we
measured three benefit types: flood prevention,
drought mitigation, and flow stability. Each of the
ten benefit metrics was normalized to a [0,1] scale
in order to explore relative tradeoffs among services
in the 5-year period following harvest. Tradeoffs
among services were evaluated via a principal
components analysis of the rescaled benefit met-
rics. In order to estimate the recovery time of cer-
tain services, we also calculated the differences in
the rescaled service metrics between reference and
treatment watersheds. Detailed methods for calcu-
lating and rescaling ecosystem service metrics from
the raw data are in Online Appendix 1. All data
analysis was conducted using R (R Core Team

REesuLTs AND DISCUSSION
Fiber Provisioning

High-intensity treatments yielded more biomass for
energy production (75-180 t ha™') than did low-
intensity treatments (6-50 t ha™'). HB-H2, where
all residues were removed, produced the greatest
amount of biomass (175.4 t ha™ '), which was more
than twice as much as the second most productive
watershed, HB-H1 (83.5 t ha™').

Greenhouse Gas Regulation

We observed a direct tradeoff between biomass
harvesting and aboveground carbon mitigation

2012).

benefits

over the 5-year post-harvest period

Table 2. Metrics Used to Quantify Ecosystem Capacity to Provide Benefits (Ecosystem Services) Based on
Long-Term Experimental Research on Northern Hardwood Forests in Eastern North America

Service Benefit type Units  Metric Threshold description
Water flow regula- Flood prevention None % of days in which flood Maximum dam outflow (HB);
tion (WFR) (FLD) thresholds are not exceeded 95th percentile daily discharge
(TL, NR)
Drought mitigation None % of days in which drought  County-level annual water
(DRT) thresholds are not exceeded withdrawals (HB, NR); 5th
percentile daily discharge (TL)
Flow stability (STB)  # days # of days between subsequent No threshold
threshold events
Water quality regu- NO;™ regulation None % of days in which drinking  Drinking water standards; New
lation (WQR) (NTR) water standards were met Hampshire (HB), New York
(NR), Ontario (TL)
Cl™ regulation (CHL) None Drinking water standards; New
Hampshire (HB), New York
(NR), Canada National Stan-
dards (TL)
SOZ™ regulation None Drinking water standards; U.S.
(SLF) federal secondary standards
(HB, NR), Canada National
Standards (TL)
pH regulation (pH) None Drinking water standards; U.S.
federal secondary standards
(HB, NR), Canada National
Standards (TL)
Remediation of None Ratio of eutrophication No threshold
nutrient pollution potential of streamwater to
(PRM) eutrophication potential of
precipitation
Greenhouse gas reg- Aboveground car- tha™! Carbon content of standing No threshold
ulation (GHGR) bon mitigation trees plus carbon benefit of
(CRB) using harvested biomass
minus process emissions
Fiber provisioning Biomass harvest tha™' Cumulative mass of biomass  No threshold

(FP)

(BMS)

harvested from watershed,
for use as energy feedstock
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(Figure 1). This tradeoff was expected, given that
the largest component of this benefit comes from
carbon sequestered and stored in living biomass,
which is removed via harvest. Although the use of
biomass in place of fossil fuels partially offsets that
loss, the benefit associated with this substitu-
tion—0.38 unit of carbon gained for each unit of
carbon in harvested biomass (Lippke and others
2012)—does little to reduce the overall tradeoff.
Consequently, harvested watersheds incurred an
immediate net loss of carbon benefits of up to
25t C ha~'. We note this estimate does not include
measures or estimates of belowground carbon.
Belowground carbon—including soil carbon—is
difficult to estimate, but evidence suggests that it is
primarily driven by geophysical site considerations
and does not differ significantly between harvested
and unharvested stands (Lippke and others 2011Db).
Earlier research has yielded evidence that harvest-
ing forests for biomass results in a short-term loss of

HB, 1971-1975

CRB .100..  FLD

PRM .~

pH

CHL

W HB-H1, strip clearcut
B HB-R, reference

NR, 1997-2001

BMS
CRB i FLD

PRM

CHL

B NR-H, clearcut
B NR-L, timber stand improvement
B NR-6, reference

EDER

PRM o

pH

B HB-H2, clearcut + whole tree harvest
B HB-R, reference

CRB .-

PRM

pH

carbon to the atmosphere, a so-called ‘“carbon
debt”” (Fargione and others 2008; Mika and Keeton
2013). As forest carbon recovers, however, it is
thought that the cumulative carbon benefits asso-
ciated with substituting fossil fuels with renewable
biomass ultimately result in net negative carbon
emissions (Lippke and others 2011a; Walker and
others 2013; Miner and others 2014).

Water Flow Regulation

Tradeoffs between harvesting and water flow reg-
ulation benefits were nominal. Changes in WFR
metrics (flood prevention, drought mitigation, and
flow stability) immediately following harvest were
smaller than expected for the intensively harvested
watersheds (Figure 1). Previous research has
established that vegetation harvest reduces total
transpiration, as well as the interception of rainfall,
which in turn tends to increase average streamflow

HB, 1984-1988 Figure 1. Comparison of

BMS rescaled ecosystem
service metrics at ten
watersheds at Hubbard
Brook Experimental
Forest (HB), Turkey Lakes
Watershed (TL), and
Neversink River Research
S Watershed (NR) over a 5-

i sTR year period after

harvesting. Labels: BMS
biomass harvest, FLD
flood prevention, DRT
drought mitigation, STB
flow stability, NTR NOs™
regulation, CHL Cl1™
regulation, SLF SO3~
regulation, pH pH
TL, 1998-2002 regulation, PRM

BMS remediation of nutrient
pollution, CRB
aboveground carbon
mitigation.

DRT

CHL

. FLD

CHL

TL-H, 10-cm diameter limit harvest
TL-L1, selection harvest

TL-L2, shelterwood

TL-R, reference
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(Douglas and Swank 1972; Hornbeck and others
1993; Stednick 1996). In the case of less intensive
harvests, such as the selection and shelterwood at
Turkey Lakes (TL-L1 and TL-L2, respectively), ef-
fects on flow were difficult to detect. Wang and
others (2006) observed no change in streamflow
after a shelterwood harvest removed 33% of basal
area from a watershed nearby the Neversink River
study site. Significant changes in streamflow have
occurred primarily where harvesting has been
extensive across an entire catchment and/or con-
ducted using intensive techniques such as whole-
tree removal (Hornbeck and others 1993; Stednick
1996). Such changes were documented in water-
sheds HB-H1 and HB-H2 at Hubbard Brook, where
harvesting increased mean discharge for 5-10 years
(Bailey and others 2003; Campbell and others
2007). Therefore, we expected to observe an in-
crease in drought mitigation and a decrease in flood
prevention in the intensively harvested watersheds
(HB-H1, HB-H2, NR-H, and TL-H).

Contrary to expectations, the harvest-mediated
tradeoff between flood prevention and drought
mitigation was not evident in the 5-year period
following harvest treatments (Figure 1). Neither
was variation in flow stability—the mean duration
(days) between observed high or low flow
events—consistently related to the occurrence or
intensity of a biomass harvest. The absence of a
harvest-mediated tradeoff in flow regulation ben-
efits suggests that, although absolute changes in
streamflow did occur after harvesting, these chan-
ges did not cause stream flow to exceed the ranges
that defined the flood prevention and drought
mitigation services. We note that our results are
consistent with the model simulations of Duncker
and others (2012) that found only nominal differ-
ences in flow regulation among different harvest
scenarios.

The limited effect of harvesting on flow regula-
tion may be due in part to the low functional loads
placed on the system during the post-harvest per-
iod. If conditions of high precipitation or acute
moisture stress are rare, then on average, the
capacity of harvested watersheds to provide bene-
fits may be similar to the reference watersheds. This
does not mean that there is necessarily no impact of
harvesting on ecosystem capacity under more ex-
treme (although less common) conditions. For
example, Beier and others (2015) found that the
probability that a harvested watershed could pro-
vide flood regulation benefits decreased relative to
the reference as precipitation intensity increased,
while a harvested watershed was increasingly more
likely than an unharvested reference to provide

drought mitigation benefits as available moisture
declined.

Using the same methods for a larger group of
study watersheds, we observed similar dynamics in
the current analysis (Figure 2). At both HB and TL,
the vast majority of measurement days experienced
low levels of precipitation (<25 mm) in the pre-
ceding 48-hr period. Given these typically low
functional loads, the mean probability that water-
sheds had capacity to regulate floods was close to
100 %. On the occasional days on which precipi-
tation loads were more extreme, however, the
capacity to provide this service declined. At HB, the
difference between the harvested and reference
watersheds was negligible regardless of precipita-
tion intensity. However, at TL, the probability of
flood prevention in the most intensively harvested
watershed (TL-H) decreased relative to the other
watersheds as antecedent precipitation increased.
On the other hand, watersheds that had been
intensively harvested were more likely than refer-
ence watersheds to provide drought mitigation
benefits under conditions of moisture deficit
(<0 mm available moisture) and less likely as
available moisture increased. Whereas conditions
of intense short-term precipitation were rare,
watersheds more commonly experienced condi-
tions of moisture deficit (based on our calcula-
tions). Approximately, half of measurement days
followed months in which available moisture was
less than 0 mm. Consequently, the impacts of
harvesting on drought mitigation, while still nom-
inal, were overall greater than the impacts on flood
prevention during the study period.

Water Quality Regulation

A tradeoff between harvesting and pollution
remediation benefits—the net reduction of the
eutrophication potential of rainfall—was observed
depending on the intensity of the harvest (Figure 1).
Watersheds that were harvested using high-inten-
sity treatments exhibited the largest relative declines
in the pollution removal benefit. At the reference
watersheds, as well as the less intensive partial har-
vests, the ratio of eutrophication potential of stream
water (output) versus that of rainwater (input) re-
mained between 0.1:1 and 0.3:1 throughout the
study period. These ratios indicate a net removal of
the nutrient pollution in precipitation by the fores-
ted watersheds. In the watersheds with more
intensive harvests, these output:input ratios sharply
increased to exceed 1:1 shortly after harvest. Values
greater than 1:1 indicated a net source of nutrient
pollution from the watershed to stream water. The
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maximum value of this metric (4.6:1) was recorded
for HB-H2 (clearcut with whole-tree harvest) in the
first year after treatment.

Nitrate regulation benefits were provided con-
sistently by all watersheds, with one exception: in
NR-H, nitrate concentrations exceeded drinking
water standards on 13.2% of measurement days
during the first year after harvest (1997). Prior re-
search at NR attributed these increases in stream
nitrate in this watershed to the lack of vegetation to
take up soil nitrate (McHale and others 2008).
Other studies in the area suggest that changes in
stream nitrate are not detectable following harvests
of less than 40 % basal area reduction (Wang and
others 2006; Siemion and others 2011). Siemion
and others (2011) found that maximum nitrate
concentration never exceeded drinking water
standards after a series of harvests that reduced
basal area by 22-68 %. Given that the clearcut
with whole-tree harvest in HB-H2 removed 100 %
of the aboveground biomass in the catchment, we
expected to observe a deficit in nitrate regulation
benefits after harvest, but the nitrate flux that oc-
curred (Campbell and others 2007) did not result in

T
0

T T T
100 200 300

available moisture in antecedent month, mm

exceedance of New Hampshire drinking water
standards. Again, using model simulations, Duncker
and others (2012) found that nitrate always
remained within standards in both harvested and
reference stands.

Chloride and sulfate never exceeded standards at
any of the sites throughout the entire time period
(that is, service provision = 100%).

Regulation of pH differed by site due to local
geology and hydrologic pathways (Hazlett and
others 2001). Drinking water standards for pH were
never satisfied at any of the watersheds at HB, and
standards were met no more than 40.7 % of the
time at NR (less than 15.6 % of the time at NR-L
and NR-R). Comparatively, at TL, pH usually re-
mained within the legal drinking water standards
(more than 68.9 % of the time in TL-H, TL-L2, and
TL-R). Drinking water standards for pH were the
same in the US and Canada.

Multiple Site Synthesis

We synthesized tradeoffs and synergies among the
potential benefits of biomass harvesting, water
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Figure 3. Results of principal component analysis based on provision of ecosystem services at watersheds in northeastern
North America during a 5-year post-harvest period. Watersheds include those at Hubbard Brook Experimental Forest
(HB), Turkey Lakes Watershed (TL), and Neversink River Research Watershed (NR). Colored bubbles show individual
watershed scores on the first two components, with size of point corresponding to intensity of harvest and color corre-
sponding to site. Black points show loading of individual service metrics on the first two components. Service metrics: BMS
biomass harvest, FLD flood prevention, DRT drought mitigation, STB flow stability, NTR NO5~ regulation, pH pH regu-
lation, PRM remediation of nutrient pollution, CRB aboveground carbon mitigation (Color figure online).

regulation, and climate regulation—and across mul-
tiple sites and time periods—using principal compo-
nents analysis of the rescaled service metrics
(Figure 3). Sulfate and chloride regulation, which
never deviated from 100% provision in any water-
shed, were excluded from analysis. The first two
principal components explained 82.7% of total vari-
ance in all potential benefits (excluding SO;  and
Cl7) in the 5-year period after harvest. The first
component (PCl) corresponds to variation in pH
regulation, which waslower at HB and NR and higher
at TL, and can be attributed to differences in ecosys-
tem state factors related to parent material lithology
and hydrologic flow pathways (Hazlett and others
2001). Variable loadings on PC1 suggest that other
benefits are mostly unrelated to pH regulation, but
that flow stability and pollution remediation may
have weak negative associations with pH regulation.

The second principal component (PC2) corre-
sponds with the tradeoff between biomass removal
and aboveground carbon sequestration, which
provides a climate regulation benefit. Intensively
harvested watersheds have positive loadings on
PC2, whereas the unharvested reference water-
sheds have negative loadings. Water flow and wa-
ter quality regulation benefits are clustered around
the zero point, except for pollution remediation,
which is negatively loaded on PC2 and, to a lesser
extent, PC1. We interpreted these results to suggest
that the magnitude of the tradeoff between pollu-
tion remediation and biomass provisioning corre-
lates with the intensity of harvest. In addition,
there may also be a negative relationship between
nutrient remediation and the same state factors
that control ecosystem capacity to regulate stream
pH. Other water regulation benefits were much less
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sensitive to forest harvest, regardless of the inten-
sity of biomass removal.

Temporal Dynamics of Harvest Impacts
and Recovery

To gauge the resilience of ecosystem services to
biomass harvesting, we assessed the temporal
dynamics of the two benefit metrics that had the
largest tradeoffs with biomass harvest (pollution
remediation and greenhouse gas regulation) over a
longer time period. We examined the magnitude of
the harvest impact and the recovery trajectories of
these benefits in the most intensively harvested
watersheds at HB (HB-H2) and TL (TL-H). NR-H
was not included because observations did not ex-
tend more than 5 years post-harvest. Although the
post-harvest loss of the pollution remediation
benefit was much greater in HB-H2, both harvested
watersheds recovered within about 7 years to
provide an equal or greater benefit than the
unharvested watersheds (Figure 4). Regeneration
of forest vegetation following disturbance is
essential to the recovery of ecosystem controls on
water and nutrient cycles (Campbell and others
2007) and, in turn, their potential benefits to local
beneficiaries. Although this pollution remediation
benefit may be resilient to forest management
practices that result in timely forest regeneration
(including all those evaluated here), prior research
suggests that for each year that forest vegetation
recovery is delayed, approximately 2-3 decades of
net pollution removal is needed to offset the
eutrophication ‘cost” incurred by harvesting (Beier
and others 2015). Such ‘costs” resulting from defi-
cits in service provision may cause structural or
behavioral changes in beneficiary populations,
which in turn could affect future demand for
benefits; for example, the creation of water treat-
ment facilities to substitute for drinkable (or po-
table) ground water sources.

By contrast, greenhouse gas regulation benefits
were much slower to recover after harvest because
these benefits are linked directly to aboveground
biomass, which may aggrade continuously for 80 or
more years before approaching its maximum
(Bormann and Likens 1979; Keeton and others
2011). Our results are consistent with studies sug-
gesting that, although use of biomass fuels as fossil
substitutes can reduce total carbon emissions, their
use creates an initial ‘““carbon debt”” that can persist
for decades (Fargione and others 2008; Mika and
Keeton 2013; Walker and others 2013; Miner and
others 2014).

Estimating Societal Demand

Ecosystem services are rarely—if ever—directly
observable phenomena. Instead, services are hu-
man constructs that are highly sensitive to how they
are defined and measured. For example, in this
study, we defined the flood prevention service as
maintaining streamflow below particular thresh-
olds, and we measured the service based on the
frequency of threshold exceedance. Another mea-
sure of flood regulation could be related to differ-
ences in total magnitude of discharge during flood
events (that exceeded the high flow thresholds).
Although such a metric might have yielded different
insights than our current results, prior work at HB
found that the recovery of flow magnitude in har-
vested watersheds occurred within a timeframe
similar to what we observed, that is, approximately
5-10 years (Bailey and others 2003; Campbell and
others 2007).

Because ecosystem services are not directly
observable, they are generally estimated from
measures of ecosystem functional capacity, human
demand for benefits, or both. Efforts to combine
multiple datasets are often complicated by mis-
matches in spatial or temporal scale. For example,
the forest harvest and streamflow data that we used
as measures of functional capacity were collected at
the level of first-order catchments; measures of
human demand for flow regulation benefits (for
example, surface water use, flood control infras-
tructure) were made at the scale of counties and
larger watersheds. To resolve this scale mismatch,
we downscaled measures of social demand to the
level of individual catchments. If we were to scale
up our analyses, measures of service demand
would (necessarily) scale up linearly, whereas
measures of supply would not, limiting our ability
to interpret our results in terms of the entire
landscape. Similarly, we addressed a temporal
scale mismatch between streamflow data (annual)
and vegetation data (collected once or twice a
decade), by interpolating vegetation data to an
annualized scale. Although this is a reasonable
approach with a slowly changing variable such as
forest biomass, it is possible that we may have
missed possible short-term fluctuations in above-
ground carbon.

Several of our measures of ecosystem services
require the identification of critical thresholds be-
yond which it is assumed that benefits are not
provided. Whenever possible, thresholds are esti-
mated from empirical measures of societal demand
for specific ranges of ecosystem conditions. How-
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ever, data representing societal demand are often
lacking or ambiguous and different interpretations
of the data that do exist commonly lead to different
estimates of demand. Because different threshold
values can result in very different estimates of
potential benefits, as well as different conclusions
regarding tradeoffs among them, we have designed
our approach to incorporate a range of alternative
threshold values. For example, in the absence of
data regarding water use or flood infrastructure at
TL in rural Ontario, the high and low flow
thresholds were defined based on percentiles
(<5% for low flows and >95% for high flows) of
the pooled distribution of daily discharge observa-
tions. To test the sensitivity of our metrics to these
values, we used alternative sets of thresholds based
on different percentile ranges, recalculated esti-
mates of drought mitigation, flood prevention, and
flow stability benefits, and incorporated the results
into an interactive chart (see http://foresteco
services.net/TL_thresholds.php). When thresholds
were more strictly defined (for example, the 95th
instead of the 90th percentile), we found a reduced
likelihood that stream discharge would exceed
those thresholds, resulting in smaller differences in

20

service provision between managed and unman-
aged forest watersheds.

Another example can be drawn from the NR site
located in the New York City watershed. In another
interactive chart (see http://forestecoservices.net/
fvMap.php), we estimated changes in drought
mitigation benefits depending on whether we de-
fined the low flow threshold using local (county-
level) water demand or the much higher water
demand from the New York metropolitan area.
Higher water demand results in lower capacity for
drought mitigation under the same moisture con-
ditions. Similarly, we defined the service of water
quality regulation based on the exceedance prob-
abilities associated with legal drinking water stan-
dards. People certainly benefit from clean drinking
water, but clean water also supports stream com-
munities that may provide indirect benefits in the
form of recreational fishing and aesthetics. If we
had defined water quality metrics based on (pre-
sumably) stricter ecological thresholds, it is possible
that we would have found a greater tradeoff be-
tween harvesting and water quality regulation.

Identifying the ‘right” thresholds requires a
stronger understanding of the benefits that people
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derive from ecosystems and societal demand for
those benefits. Further research is needed to care-
fully elucidate and quantify the specific benefits
that people receive from ecosystems, as well as the
thresholds and benchmark values that determine
when, where, and to whom those benefits are
being provided. Methods and tools are also needed
to identify and measure the cultural services pro-
vided by forests and woodlands. The high value
placed on these services makes them of prime
importance in the areas such as the US Northeast
(Butler and Leatherberry 2004) and may underlie
the reluctance of some landowners in the region to
engage in active forest management practices such
as biomass harvesting (Butler and others 2010).

CONCLUSIONS

Demand for woody biomass from forests as renew-
able energy feedstock is increasing in northeastern
North America. Drawing on several long-term
ecosystem experiments, we estimated the impacts of
biomass harvesting on the water and climate regu-
lation benefits that hardwood forests in this region
provide to local and global beneficiaries. Tradeoffs
between biomass provision and the benefits of
greenhouse gas regulation and pollution removal
were observed, but overall the impacts of biomass
harvest on the regulation of water quality and
quantity were nominal and short-lived. Although
absolute changes in service provision were smaller
using low-intensity silvicultural practices (that is,
selection harvest, shelterwood system)—water reg-
ulation services were largely resilient to more inten-
sive biomass removals, including the diameter-limit
harvesting that largely characterizes forest manage-
ment in this region. Although these conclusions are
consistent with previous work (Biber and others
2015; Grét-Regamey and others 2013; Duncker and
others 2012; Schwenk and others 2012), we
emphasize that recovery of forest vegetation after
harvest is critical to the resilience of the ecosystem’s
capacity to provide water regulation benefits (Beier
and others 2015). If forest regeneration fails or is
inhibited, then deficits in water regulation benefits
may persist and potentially become worse. Future
efforts must focus on resolving uncertainties around
scale and the societal demand for benefits, to more
accurately assess the resilience of forest ecosystem
services to multiple drivers of change.
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