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Why measure ecosystem services? 
Better accounting of cost-benefit and externalities of 
environmental management and decision-making

Identify beneficiaries of stewardship and conservation efforts

Provides evidence to policy-makers and public that the 
human condition is coupled with environmental condition

Can provide monetary and non-monetary estimates of value
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Provides evidence to policy-makers and public that the 
human condition is coupled with environmental condition

Can provide monetary and non-monetary estimates of value

Why use long-term research and monitoring? 
Captures dynamics over time, responses to multiple drivers of change
Monitoring of long-term experiments and reference conditions provide 

basis for causal inference, prediction, and simulation
Funding agencies shifting to long-term social-ecological research

Demonstrate the many value-added aspects of monitoring efforts



   Forest Ecosystem Services Toolkit:  Purpose & Approach

FEST measures whether ecosystem 
conditions and dynamics ‘match’ human 
demand for different types of benefits



   Forest Ecosystem Services Toolkit:  Purpose & Approach

FEST measures whether ecosystem 
conditions and dynamics ‘match’ human 
demand for different types of benefits

R QuantumGIS! FEST Website!

FEST Knowledge Base (PostgreSQL)!

Open source geodatabase
& modeling platform

PostgreSQL and Program R
159 individual datasets

Interactive data visualization

Long-term experimental 
research sites
Ecosystem studies
Watershed approach
Forest harvest treatments

Forest removal
Harvest techniques
Silvicultural prescriptions



Using ‘big data’ from long-term monitoring and 
experiments to measure ecosystem services  



   Methods: water regulation at Hubbard Brook

Flow regulation
We compared precipitation and stream discharge data with historical 
water use and the engineering specs of the Franklin Falls Dam. 

Assessed discharge data (rescaled) using two demand thresholds: 
‣ level required to satisfy Grafton Co, NH water usage
‣ level exceeding the maximum outflow of the dam 

Metrics included flood prevention, drought mitigation and stability.
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▲ Daily stream discharge at Hubbard Brook 
WS2 (1955-2011) and high/low thresholds. 

“the Goldilocks Zone” 



   Methods: water regulation at Hubbard Brook

Quality regulation
We compared stream chemistry data with state and federal 
water quality standards as measures of societal demand. 
Relationships between functional loads (bulk deposition) and 
stream chemistry were used to quantify watershed capacity to 
reduce eutrophication potential of precipitation inputs.  

Ratio of eutrophication potential (kg N eq/l) of stream water to that of precipitation, 
in WS5 at Hubbard Brook. Values < 1 indicate capacity to remove pollution.

▼

N sink

N source

Flow regulation
We compared precipitation and stream discharge data with historical 
water use and the engineering specs of the Franklin Falls Dam. 

Assessed discharge data (rescaled) using two demand thresholds: 
‣ level required to satisfy Grafton Co, NH water usage
‣ level exceeding the maximum outflow of the dam 

Metrics included flood prevention, drought mitigation and stability.
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“the Goldilocks Zone” 



Beier et al. 2015 Ecological Applications

   Water flow regulation: forest removal and recovery at Hubbard Brook 

Flood prevention Drought mitigation

Flow regulation provided 
by both watersheds

Flood prevention slightly 
lower in deforested WS

Drought mitigation higher 
in deforested WD during 
and after treatment

**experiment was done 
during 1960’s drought**



   Water quality and climate regulation: deforestation and recovery at Hubbard Brook 

Nitrate 
regulation

Pollution 
removal 

benefit

Climate 
regulation

(carbon storage)

Source

Sink

Beier et al. 2015 Ecological Applications



How can we account for interacting drivers of change 
and varying functional loads on ecosystems?  
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   Flow regulation in a deforested watershed: changing functional loads

Logistic model based on 10 years 
after WS 2 de-vegetation

Deforested watershed reached 
flood stage with 0-10 mm less 

rainfall than unharvested reference 
(depending on storm intensity) 

Does not reflect magnitude of 
floods - only occurrence 

Flood prevention
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   Flow regulation in a deforested watershed: changing functional loads

Logistic model based on 10 years 
after WS 2 de-vegetation

Deforested watershed reached 
flood stage with 0-10 mm less 

rainfall than unharvested reference 
(depending on storm intensity) 

Does not reflect magnitude of 
floods - only occurrence 

Flood prevention

Logistic model based on 10 years 
after WS 2 de-vegetation

Deforested watershed was 25% 
more likely to maintain base flows 
during a severe deficit (drought)
(b/t -50 to -100 mm available moisture)

Drought mitigation



How well do managed forests regulate water? 
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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
(local) name

Description

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,

equivalent to 89% of the basal area

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

Description

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,

equivalent to 89% of the basal area

Watersheds are labeled by site and by cutting intensity.
H = high intensity; L = low intensity; R = reference.
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 Forest management impacts: synthesis of multiple watershed experiments

10 watersheds, 10 management prescriptions, 10 services...

CRB = Climate 
regulation benefit
PRM = Pollution 
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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

exceedance of New Hampshire drinking water
standards. Again, usingmodel 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

Figure 2. Probability of
flood prevention and
drought mitigation
benefits at selected
watersheds at Hubbard
Brook Experimental
Forest (HB) and Turkey
Lakes Watershed (TL)
over the 5-year period
after harvest, modeled as
a function of antecedent
precipitation (48 h) and
available moisture
(1 month). Histograms
illustrate the distribution
of the relevant functional
load at the reference
watershed. HB-H2
(clearcut with whole-tree
harvest) was harvested in
1983. Watersheds TL-H
(diameter-limit harvest),
TL-L1 (selection harvest),
and TL-L2 (shelterwood
harvest) were harvested
in 1997. Watersheds HB-
R and TL-R are
unharvested references.
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What about other types of monitoring? Other services? 



Salvelinus fontinalis



ALSC provided fish capture and pH data 
for 55 Adirondack lakes and ponds 

Logistic models used to predict likelihood 
of trout vs. other sport fish based on pH 
and whether the lake was ever stocked 

Benefit transfer data from Boyle (1999) to 
estimate expected value of a freshwater 
fishing trip, based on fish species present 

Provides a conservative estimate of 
economic damages (lost value) to sport 
fisheries resulting from acid rain...

... and the potential benefits of recovery, 
via emissions caps, stocking, liming, etc. 

Estimated value of sport-fishing (2006 USD) as a function 
of lake pH and stocking history (of trout)

 Impacts of acidification and recovery on sport fishery value in Adirondack lakes

Caputo et al. in press Environmental Science & Technology



ALSC provided fish capture and pH data 
for 55 Adirondack lakes and ponds 

Logistic models used to predict likelihood 
of trout vs. other sport fish based on pH 
and whether the lake was ever stocked 

Benefit transfer data from Boyle (1999) to 
estimate expected value of a freshwater 
fishing trip, based on fish species present 

Provides a conservative estimate of 
economic damages (lost value) to sport 
fisheries resulting from acid rain...

... and the potential benefits of recovery, 
via emissions caps, stocking, liming, etc. 

Estimated value of sport-fishing (2006 USD) as a function 
of lake pH and stocking history (of trout)

 Impacts of acidification and recovery on sport fishery value in Adirondack lakes

Stocking can help offset 
impacts of acidification

Caputo et al. in press Environmental Science & Technology



ALSC provided fish capture and pH data 
for 55 Adirondack lakes and ponds 

Logistic models used to predict likelihood 
of trout vs. other sport fish based on pH 
and whether the lake was ever stocked 

Benefit transfer data from Boyle (1999) to 
estimate expected value of a freshwater 
fishing trip, based on fish species present 

Provides a conservative estimate of 
economic damages (lost value) to sport 
fisheries resulting from acid rain...

... and the potential benefits of recovery, 
via emissions caps, stocking, liming, etc. 

Estimated value of sport-fishing (2006 USD) as a function 
of lake pH and stocking history (of trout)

 Impacts of acidification and recovery on sport fishery value in Adirondack lakes

Stocking can help offset 
impacts of acidification

Largest marginal benefit 
of stocking is for trout 
ponds with pH 5.0 - 5.5

Caputo et al. in press Environmental Science & Technology



ALSC provided fish capture and pH data 
for 55 Adirondack lakes and ponds 

Logistic models used to predict likelihood 
of trout vs. other sport fish based on pH 
and whether the lake was ever stocked 

Benefit transfer data from Boyle (1999) to 
estimate expected value of a freshwater 
fishing trip, based on fish species present 

Provides a conservative estimate of 
economic damages (lost value) to sport 
fisheries resulting from acid rain...

... and the potential benefits of recovery, 
via emissions caps, stocking, liming, etc. 

Estimated value of sport-fishing (2006 USD) as a function 
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 Impacts of acidification and recovery on sport fishery value in Adirondack lakes

Stocking can help offset 
impacts of acidification
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at pH > 6.5 and pH < 4.5

Largest marginal benefit 
of stocking is for trout 
ponds with pH 5.0 - 5.5
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Monitoring change:  trends, thresholds, and complexity

Forest Management – FEST draws on monitoring of short and 
long-term ecosystem responses to forest management. Changes in 
services before / after harvest, and between managed / reference 
watersheds, provide temporally explicit estimates of changes (ΔES) 
attributable to silvicultural practices and related forms of land use. 

hubbardbrookfoundation.org
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attributable to silvicultural practices and related forms of land use. 
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Climate Change – Models predict a warmer and wetter US Northeast by 
2080, with an increasing frequency and intensity of storm events. We can 

account for changing precipitation regimes to evaluate the probability of future 
provision of flood prevention services if storms increase. We can also evaluate 

how forest management may affect water regulation in a changing climate.  

variability in precipitation is generally much higher
than that of temperature. This makes it more difficult
to distinguish consistent long-term trends from natu-
ral fluctuations. In particular, historical records are
dominated by the 1960s drought, a multi-year event
estimated to be the most severe drought to occur in that
region in the observational record (Leathers et al.
2000). As the AOGCM simulations are unconstrained
by observations, these may simulate droughts of a
similar magnitude (as examined later in this analysis)
but not necessarily at the same time. Hence, care must
be used in estimating long-term precipitation trends, as
any trends that begin or end near a major drought event
(or a extended wet period) will be biased by this very
strong event.

Despite uncertainty in determining long-term trends,
historical records do show a consistent long-term trend
in annual precipitation of +9.5 ± 2 mm/decade over the
last century (as also found by Keim et al. 2005). These
changes are split between spring, summer and fall, with
seasonal trends of +2.4 ± 0.3 mm/decade for spring and

fall, 1.2 ± 0.5 mm/decade for summer, but little change
(–0.5 ± 1 mm/decade) in winter. Since 1970, there is
some indication of a reversal of the seasonal trends seen
over the previous century. Annually, there is a decrease
of –8 ± 9 mm/decade, with a decrease in spring and fall
(–2 ± 3 mm/decade), little change in summer, and a
slight increase of +3 ± 3 mm/decade in winter precipi-
tation. However, given the sensitivity of precipitation
trends to the length of the period used to determine the
trend and the large interdecadal variability in precipi-
tation characteristic of the NE, these trends are not
robust.

A range of positive and negative trends result from
AOGCM simulations, with an average annual trend
of +0.7 ± 3 mm/decade over the last century, and
+7 ± 18 mm/decade from 1970 to 2000. With the sole
exception of winter precipitation from 1970 to 2000
(+3 mm/decade for both observed and model average),
modeled changes in seasonal precipitation do not
match observed, although the high variability associ-
ated with model-based trends certainly encompasses
the observed trends. This suggests that the observed
trend in precipitation in the NE at least over the last
century may be primarily driven by natural variability
rather than a long-term climate trend.

Regarding the recently observed and model-simu-
lated increase in winter precipitation, however, future
projections from almost all model simulations show
consistent increases in winter precipitation and no
change to a decrease in summer rainfall. Specifically, by
end-of-century, winter precipitation is projected to in-
crease an average of 11% under B1 and 14% under A2,
but show small decreases (on the order of a few per-
cent) in summer precipitation (Fig. 2, Table 3). These
trends are in agreement with what has been observed in
the recent past, suggesting there may be a global cli-
mate change-related signal in seasonal precipitation
that is beginning to emerge from the observational re-
cord but is not yet evident in model simulations. These
winter precipitation increases are also dynamically
consistent with a projected westward shift in the sea-
sonal mean position of the East Coast trough in some of
the models (J. Bradbury, personal communication).

Increases in winter precipitation and no change or
decreases in summer rainfall will also alter the mean
distribution of precipitation in the NE. Increases in
heavy precipitation (greater than 2 in. in less than
48 h) have already been observed across much of the
NE, particularly during the 1980s and 1990s relative to
earlier in the century (Wake and Markham 2005).
Further increases are expected in many locations
around the world, including the NE (Wehner 2004;
Tebaldi et al. 2006). This is generally consistent with

Fig. 2 Projected changes in annual, winter (DJF) and summer
(JJA) temperature (!C) and precipitation (%) under the SRES
B1 (low), A2 (mid-high) and A1FI (higher) emissions scenarios
for the periods 2035–2064 and 2070–2099 relative to the 1961–
1990 average over the US Northeast. Solid bars indicate the
ensemble average value from 9 AOGCMs (B1, A2) and 3
AOGCMs (A1FI), while the whiskers indicate the range of
projections from individual simulations. All models consistently
indicate increases in temperature over all seasons and in annual
and winter precipitation that become greater over time. They
also indicate a larger temperature change under higher relative
to lower emissions scenarios

K. Hayhoe et al.: Changes in climate and hydrological indicators 389
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