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ABSTRACT: Mature and diverse ﬂoodplain forests are among the world’s most diminished ecosystems and
conservationists need a rapid method to identify the best remaining examples of these systems. Because
large rivers and their dynamics bind the ﬂoodplain together, the method must go beyond simple inventory
of remnant patches to evaluate ﬂood processes and identify constraints in the surrounding watersheds.
We develop such a method for a three million hectare watershed in New England using a combination
of data types to evaluate key attributes of ﬂoodplain systems. Riparian and ﬂoodplain communities
were modeled using a GIS analysis of river valley topography and riverine processes, and ﬂoodplain
forest occurrences were identiﬁed in a classiﬁcation and regression (CART) analysis. Current ﬂooding
was veriﬁed using overlays of remotely sensed imagery of spring and fall water levels. We evaluated
the intactness of the ﬂoodplain occurrences using ratios of upstream dam storage to annual runoff, the
length of the connected stream network, and the naturalness of surrounding land cover. Field-assigned
ranks of forest quality were correlated with the occurrence size, percent veriﬁed ﬂooding, and percent
natural cover. Predicted quality ranks reinforced the importance of these factors. Results indicate that
the twenty top-ranking streams collectively contain 75 high quality areas suitable for ﬂoodplain forest
restoration and conservation. Independent veriﬁcation of these areas strongly corroborated our results.
Index terms: conservation planning, ﬂoodplain forests, ﬂoodplain modeling, ﬂood veriﬁcation, riparian
conservation

INTRODUCTION
Lying at the interface between aquatic
and terrestrial systems, ﬂoodplains provide critical habitats for a large variety
of plants, mammals, birds, reptiles, and
invertebrates. Floodplain ecosystems are
periodically inundated both by lateral overﬂows of adjacent rivers and by overland
and groundwater ﬂows from nearby hill
slopes (Gurnell 1997). In spring, silt-laden
ﬂoodwaters replenish the soil, nourishing
streamside ecosystems and creating feeding and nursery grounds for ﬁsh (King et
al. 2003), but by late summer the soils
have dried out. The ﬂuctuating nature of
the system has important consequences
for the lush and diverse biota (Mitsch and
Gosselink 1986).
The nutrient-rich ﬂoodplain soil forms a
prime medium for agriculture, the practice
of which has led to extensive ﬂood regulation and the direct loss of natural habitat.
In the northeast, ﬂoodplains are among the
most converted and least protected settings
in the region, and, globally, temperate rivers
and their ﬂoodplain wetlands are among
the most threatened ecosystems (Dynesius
and Nilsson 1994).
In the Connecticut River watershed,
Natural Heritage ecologists have located,
mapped, and evaluated over 80 remaining
stands of ﬂoodplain forest, more than in
any other watershed in the northeastern
United States. Because the river and its
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dynamics bind the ﬂoodplain together,
however, conservation cannot be focused
on individual places to the exclusion of
others but must consider the entire watershed. A unifying ﬂoodplain assessment
was needed to give context to the patches
of remnant ﬂoodplain forests, to identify
suitable conservation areas, and to highlight
watershed-scale patterns. Here we develop
such a model using GIS and remote sensing techniques, test it against the known
occurrences of existing ﬂoodplain forest,
and evaluate its ability to predict suitable
areas for ﬂoodplain restoration.
METHODS
Study Site
The Connecticut River mainstem is 660
km long and drains 2,918,277 ha of
northern New England before emptying
into the Atlantic Ocean near Old Lyme,
Connecticut. The lower mainstem ﬂows
through a valley of ﬁne-grained sediments
and coarse glacial outwash, while the basin
encompasses a wide spectrum of bedrocks
from granite and basalt to limestone. The
watershed is only 25 to 102 km wide with
steep mountains ﬂanking the northern
reaches. The upper basin reaches tree line
at 1219 m, while gentler hills in the south
ﬂatten out to a broad valley where the
river meets the sea. Agriculture (9%) and
development (7%) are concentrated in the
valleys while the balance of the watershed
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remains forested.
The whole of the watershed is within the
temperate mixed deciduous vegetation
zone. Throughout, ﬂoodplain forests are
comprised of silver maple (Acer saccharinum), cottonwood (Populus deltoides),
black willow (Salix nigra), American
elm (Ulmus americana), and green ash
(Fraxinus pennsylvanica), mixed with a
variety of locally common trees (plant
nomenclature follows Kartesz 1999). A
tangled understory of vines such as Virginia
creeper (Parthenocissus quinquefolia),
poison ivy (Toxicodendron radicans),
river bank grape (Vitis riparia), and shrubs
such as honeysuckle (Lonicera spp.) and
blackberry (Rubus spp.) is characteristic.
Herbaceous cover typically includes ostrich
fern (Matteuccia struthiopteris), cattail
sedge (Carex typhinas), and nettles (Urtica
spp., Laportea spp., Boehmeria spp.) along
with disturbance tolerant exotics such as
Japanese knotweed (Polygonum cuspidatum; Metzler and Dammon 1985; Kearsley
1999; Nichols et al. 2000; Thompson and
Sorenson 2000).
The current state of the Connecticut River
mainstem has been described as a series
of linked lakes. It is fragmented by over
2600 dams (Jospe and Olivero 2008). The
Connecticut River watershed ranks within
the most impacted categories for dam
fragmentation for large rivers (Dynesius
and Nilsson 1994). Nevertheless, the
watershed contains several relatively freeﬂowing tributaries, such as the White and
Ammonoosuc rivers, and the quality of the
upper headwaters is very high. The once
magniﬁcent and extensive ﬂoodplain forests along the mainstem and its tributaries
have been reduced by agricultural clearing,
road building, and hydrologic alteration to
isolated fragments.
This study used data from a variety of
scales. We used 30-meter grid cells to
model the active floodplain zone and
identify patches of undeveloped ﬂoodplain
communities. Remotely sensed imagery
(Landsat Thematic Mapper – ETM+) was
used to detect areas that currently experience spring ﬂooding. Classiﬁcation and
regression tree analysis (CART; Steinberg
and Colla 1997) was used in combination
40

with ground inventory to identify the attributes that separated known ﬂoodplain
forests from other riparian communities.
The CART results were applied to the
watershed to identify areas most likely
to support ﬂoodplain forests (referred
to as ﬂoodplain forest occurrences). We
evaluated the characteristics of each occurrence with respect to its: (1) sustaining processes based on remotely sensed
ﬂooding; (2) landscape context based on
the proportion of land cover classes and an
estimation of dam storage to annual runoff
in the appropriate sub-watershed; and (3)
habitat quality based on the occurrence
size, percent inundation, and natural cover.
Lastly we prioritized the occurrences for
conservation action.

from National Wetland Inventory (NWI;
USFWS 2005), and ﬂood insurance rate
maps of the Federal Emergency Management Agency (FEMA 1996, 1998, 2006).
Areas with values below a cost threshold of
50 were low, ﬂat areas adjacent to streams
or water bodies and prone to seasonal ﬂooding. Areas with values above the threshold
were assumed to be above the riparian zone
and out of range of overbank ﬂows.

Modeling the Active Floodplain Zone

Moisture index = ln [(ﬂow accumulation
+ 1) / (slope + 1)]

We deﬁned the active ﬂoodplain zone as
areas of existing vegetation maintained
by riverine processes (e.g., ﬂoodplain forest, alluvial marsh, and willow thickets).
Our GIS model explicitly accounted for
ﬂuvial processes dominated by overbank
ﬂow from the river channel and hillslope
processes dominated by both overland
and subsurface ﬂows moving towards the
ﬂoodplain from upslope.
Our model for channel overﬂow followed
methods summarized in Stager et al.
(2000), creating a cost-surface layer that
uses slope to quantify the relative resistance
of every point on the landscape to ﬂood
water moving outward from any given point
orthogonal to the stream channel. This was
done with the ArcInfo Grid “costdistance”
function with cost-surface values equal to
lateral meters from the river channel times
the slope in degrees. We used stream and
river arcs from the River Reach Files, Version 3 (RF3; USEPA 1999), water bodies
from the National Hydrography Dataset
(NHD; USEPA and USGS 2005), and a
30-meter digital elevation model from the
National Elevation Dataset (NED; USGS
2006). Nominal scales of the RF3 and
NHD were 1:100,000; that of the NED
was 1:24,000.
We calibrated our ﬂood zone model by
overlaying polygons of known ﬂoodplain
forest occurrences, wetland occurrences

Natural Areas Journal

Downloaded From: https://bioone.org/journals/Natural-Areas-Journal on 19 May 2019
Terms of Use: https://bioone.org/terms-of-use
Access provided by Dartmouth College

To model hill-slope processes, we used a
simple moisture index to identify permanently moist areas of less than 2% slope.
The index, based on Fels and Matson
(1997), uses ﬂow accumulation and slope
calculated from a 30-m digital elevation
model (NED):

Grids for both ﬂow accumulation and slope
were derived from the DEM by ArcInfo
Grid functions of the same names (ESRI
2006). The index was calibrated using
mapped wetlands from the NWI, and the resulting wet ﬂats were combined with NWI
polygons and wetlands from a nationally
standardized landcover database (CCAP
2001). Only those wet ﬂats within a cost
surface threshold of 200 were included in
the ﬂoodplain model, as levels above this
were unreliably moist. Further details on
identifying wet ﬂats using this method are
in Anderson (1999).
Combining the hillslope information with
the stream-based cost-distance data created
a complementary analysis that formed our
basic model; one analyzes “ﬂows” upslope
from the river, the other downslope ﬂows
from adjacent uplands. This novel approach
created a more ecologically realistic and
spatially accurate model for mapping riverdependent communities. Corroborative
tests using known riparian wetlands indicated that neither of the model components
alone was adequate to capture ﬂoodplain
occurrences but that they worked well
together. Modeled ﬂoodplain areas were
often roughly equivalent to the size and
shape of known ﬂoodplain occurrences
and corresponded closely to the FEMA
100-year ﬂood zones.
We distinguished the terrestrial ﬂoodplain
Volume 30 (1), 2010

from the stream channel or adjacent water
bodies by removing all open water from
the model and reconnecting areas across
gaps of one or two cells. Each ﬂoodplain
occurrence was given a unique identiﬁer
and a value indicating the type and size of
the water body it was adjacent to following
Olivero (2003): Size 1 stream (0-78 km2
watershed), Size 2 stream (78-518 km2
watershed), Size 3 stream (518-2590 km2
watershed), Size 4 stream (2590+ km2
watershed), Water-body 6 (Non-tidal lake
or pond), and Water-body 7 (Tidal lake or
pond). Lakeside occurrences were cut off at
a distance of 250 m from the water-body,
as study of known occurrences showed that
lakeside processes were rarely in effect
beyond this range.
Finally, we separated the floodplain
model into spatially distinct ﬂoodplain
occurrences using natural discontinuities
or anthropogenic barriers such as urban
or residential development. Agricultural
land cover classes were not removed from
the ﬂoodplain occurrences because they
could be restored to a natural ﬂoodplain.
Occurrences less than 0.81 ha in size were
eliminated from further analysis because
patches of forest this small are unlikely to
sustain all their characteristic species and
processes, and thus are inadequate targets
for conservation action (Anderson 2008).
Verifying Current Flooding
We determined the extent to which the
ﬂoodplain occurrences currently experience seasonal flooding by overlaying
remotely sensed imagery (30-meter resolution Landsat Thematic Mapper – ETM
+) from a spring ﬂooding event (14 April
2001) and an autumn dry period (30 September 2001) for the entire watershed.
This set of matched imagery expressed a
typical, 1-2 year, high spring ﬂow and low
September ﬂow based on monthly mean
discharge data from the Hamden County,
Massachusetts, gauging station from 1904
to 2007.
We developed an additive index (Wang
et al. 2002) using bands 4 (near infrared)
and 7 (mid-infrared) to distinguish ﬂooded
and non-ﬂooded areas. Inundation changes

between April and September were quantiﬁed by generating a composite image
combining three bands. Bands 1 and 2 were
derived from the addition of the ETM+
bands 4 and 7 for April and September,
respectively. The third band, derived from
a 30-meter slope map (NED; USGS 2006),
allowed us to separate ﬂooded ﬂats from
spectrally similar shaded slopes (Figure
1). All image analysis took place in the
ERDAS Imagine software environment
(ERDAS 2004).
We performed an unsupervised classiﬁcation on the composite image for the entire
watershed to create an image containing
15 statistically separable classes. Based
on visual inspection, we collapsed the
15 classes into a simple binary image
representing flooded and non-flooded
pixels. We removed from the data set any
discrete areas that were not within 100 m
of a riparian model occurrence, a known
ﬂoodplain occurrence, or a water feature.
Additionally we removed areas that fell on
a sloped landform (Figure 2).
We tested the accuracy of the image classiﬁcation using a 4 km2 digital orthophoto
(1 m resolution) of an area in South Hadley,
Massachusetts, where a small tributary,
Bachelor Brook, ﬂows into the Connecticut
River. It was chosen because it represents
a typical landscape and hydrological setting along the middle stretches of the river
and because there are a number of riparian and ﬂoodplain communities along the
mainstem and its tributary. Image date was
26 April 2001, a day that, according to the
gauging station in Hampden County, Massachusetts, had a peak discharge similar to
that of 14 April. We randomly extracted
150 reference ﬂooded points and an equal
number of non-ﬂooded points from the
orthophoto. Overlaying these on the ﬂood
map, we found the ﬂooded and non-ﬂooded
pixel class accuracy to be over 96 percent.
Our methodology had also correctly identiﬁed ﬂooded riparian forests, conﬁrming
that that the ETM+ optical sensors could
penetrate a moderately dense tree canopy.
On the strength of the methodology and
visual conﬁrmation of test areas, we extrapolated the methodology to the whole
watershed.
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Distinguishing Forest Occurrences
from Other Riparian Communities
To differentiate the occurrences that support, or could support, ﬂoodplain forests
from those supporting other riparian communities, we compiled mapped locations of
85 ﬂoodplain forests and 197 other riparian
communities such as alluvial marshes,
black willow thickets, or tidal woodlands.
The 282 community “element occurrences”
were located and inventoried by the Natural
Heritage Programs (NHP) of Connecticut,
Massachusetts, New Hampshire, and Vermont. Each inventoried location coincided
with a modeled ﬂoodplain occurrence, and
we joined the ground survey information to
the occurrence to attribute it with a veriﬁed
community name and description.
We used a classiﬁcation and regression
tree analysis (Steinberg and Colla 1997)
to determine whether the ﬂoodplain forest
occurrences could be distinguished from
occurrences of other riparian communities
based on 25 standardized ecological attributes (Table 1). CART has been shown to
be a powerful modeler of the distribution
of species and ecological communities
(De’ath and Fabricius 2000; Prasad et al.
2006). It uses a non-parametric recursive
partitioning technique well suited to ecological investigations, and can handle both
categorical and numeric variables. The
standard attributes for this study included
the occurrence’s size, shape, elevation,
landcover, the substrate it occurred on, the
surrounding landforms, the size of the river
it was adjacent to, and the amount of spring
ﬂooding it experienced (Table 1).
We performed multiple CART runs, restricting the input variables to examine their
relative importance and utility in separating
ﬂoodplain forests from other community
types. A variable was considered important
if it was consistently selected and had a
large effect on classiﬁcation accuracy.
Minor variables were identiﬁed that differed from one run to the next with small
effects on the accuracy of the resulting
decision tree. Exploratory trees were created to examine the magnitude of known
limitations of our dataset (such as ﬂood
variability caused by remnant spring ice
in the far north). In each run, we used the
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Figure 1. a) Additive image of ETM+ bands 4 and 7 for September, b) Same for April, c) Slope layer, d) Composite image, areas of spring ﬂooding are in
grey.

default 10-fold cross validation available
in the CART program to test the accuracy
of the resulting decision trees (Steinberg
and Colla 1997). Our ﬁnal set of predicted
ﬂoodplain forest occurrences was derived
from a combination of the best decision
trees.

Percent Natural Cover (PNC)

Evaluating the Floodplain Forest
Occurrences

Percent Verified Flooding (PVF)

We evaluated and ranked each predicted
ﬂoodplain occurrence based on its size
plus four estimated factors: percent natural
cover, percent veriﬁed ﬂooding, the hydrologic intactness of its adjacent stream reach,
and an index of its landscape/watershed
context. These factors were calculated
from the standardized attribute data (Table
1) as follows:
42

The percent of the ﬂoodplain occurrence
covered by forest, wetland, shrubland or
any other natural cover class based on
CCAP (2001). The remaining area by
deﬁnition was covered by agriculture.

The percent of the ﬂoodplain occurrence
inundated by ﬂooding in spring but dry in
fall, based on the satellite image analysis
described above.
Reach-level Hydrologic Intactness (RHI)
The ratio of total upstream dam storage
to the amount of annual runoff calculated
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for the stream reach associated with the
ﬂoodplain occurrence. High ratios indicate
more hydrologic alteration. To calculate
this metric, the total volume of water stored
behind upstream dams was summed for
each stream reach, and the mean annual
runoff for each reach was estimated from
the total upstream drainage area using a
standard coefﬁcient (Olivero 2003; Zimmerman and Lester, unpubl. data). Actual
values for the ratio ranged from 0 to 4900,
with an average of 41. Due to its skewed
distribution, this measure was transformed
to a rank/percentage value with a range
of 0 to 100.
Index of Landscape / Watershed
Context (LWC)
A measure of context created by summing
Volume 30 (1), 2010

three separate values. We weighted the
single land based metric (LCI) to equalize
the inﬂuence of it with the two hydrologic
based metrics (FAW and KCN).
LWC =((2* normalized LCI) + normalized
FAW+ normalized KCN))
Where:
Land Cover Intactness (LCI) was a measure
of the amount of agriculture, residential
development, and urban/commercial development found in an 1140 meter buffer area
immediately surrounding the occurrence.
Raw values ranged from 0, indicating only
natural land cover, to 400, indicating that
the occurrence and its buffer were intensely
developed.
Flow Alteration of the Watershed (FAW)
was the same index as the reach level
hydrologic intactness (RHI) only applied
to the entire watershed instead of to a
single reach. Like the RHI, actual values
ranged from 0 to 4900 and the measure
was transformed to a rank/percentage due
to its highly skewed distribution.
Kilometers of Connected Network (KCN)
measured the length of the connected
stream network between dams that the
ﬂoodplain occurrence was situated within.
We used all dams tracked by the Army
Corps of Engineer’s National Inventory
of Dams (NID) augmented by hundreds
of small dams tracked and mapped by
the states of Connecticut, Massachusetts,
New Hampshire, and Vermont. Raw values
ranged from 0-919 km.
Finally, the score from the four indices:
the landscape watershed index (LCW), the
percent natural cover (PNC), the percent
veriﬁed ﬂooding (PVF), and the reach level
hydrologic intactness (RHI) were summed
to yield a combined score, ranging from 4
to 400, for each ﬂoodplain occurrence.
Predicting Floodplain Forest Quality
Figure 2. Extraction of spring ﬂooded areas, Northampton, Mass: a) Original imagery of September,
2001, b) Original imagery of April, 2001, c) Composite image, d) Binary grid with darker areas representing areas of overbank ﬂows.
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Quality ranks assigned by various ﬁeld
ecologists to the known ﬂoodplain exNatural Areas Journal 43

Table1: Attributes attached to 17,313 riparian/ﬂoodplain model occurrences (MO) for the CART analysis and for prioritization of occurrences.

ATTRIBUTE CODE DEFINITION
Water feature type the MO is associated with: values 1-4 are size 1 stream through
LINK_ALLOC
size 4 river; 6 is lake/pond/reservoir; 7 is estuary (see text)
Size of occurrence
ACRES
PCT_NAT
PCT_AGRIC
ACRES_NAT
ACRES_AG
FLDMSK_OVR
FLDMSK_PCT

Percent natural landcover of occurrence
Percent agricultural landcover of occurrence
Acres natural landcover in occurrence
Acres agricultural landcover in occurrence
Number of 30m cells of overlap between MO and spring flooding model
Pct of MO overlapped by spring flooding model

SHAPE_INDX
ELEV_MIN

Shape index = perimeter / (2 * sqrt (A * pi)); this is the ratio of the perimeter of this
MO to a circle of equal area
Minimum elevation of MO

ELEV_MEAN

Mean elevation of MO

ELEV_RANGE

Elevation range of MO

PCT_DECID

Percent deciduous forest cover in MO (NOAA 2001 landcover)

PCT_CONIFMIXED Percent coniferous/mixed forest cover in MO (NOAA 2001 landcover)
Percent shrub cover in MO (NOAA 2001 landcover)
PCT_SHRUB
PCT_WETFOREST Percent forested wetland cover in MO (NOAA 2001 landcover)
Percent shrub wetland cover in MO (NOAA 2001 landcover)
PCT_WETSHRUB
PCT_WETEMERG

Percent emergent wetland cover in MO (NOAA 2001 landcover)

LF_DRAMA

Percent summits/steep/cove landforms in 500m buffer of MO

LF_SIDESL

Percent sideslope landform in 500m buffer of MO

LF_HILL

Percent hill landforms in 500m buffer of MO

LF_DRYFLAT

Percent dry flat landform in 500m buffer of MO

LF_WETFLAT

Percent wet flat landform in 500m buffer of MO

LF_POLYWAT

Percent polygon waterbodies in 500m buffer of MO (river or lake/pond/reservoir)

CART1106

Value 1: MO has a Heritage Program confirmed floodplain forest EO; value 9: MO,
while a confirmed riparian wetland, has no floodplain forest

amples were converted to numeric values
using simple integers: A = 4, B = 3, C =
2, D= 1. We ran a linear regression of the
quality rank on the calculated variables
described above to quantify the correlation between the two. Variables that had
no signiﬁcant effect (P = 0.10) on the
predictive relationship were dropped from
the model.
Identiﬁcation of the Highest Quality
Floodplain Occurrences
We grouped the large (over 20 ha) high
quality ﬂoodplain occurrences into ﬁve
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sets based on their values for the four
variables. In each set, the occurrences had
scores above the mean for at least three of
the four variables: hydrologic intactness,
percent ﬂooding, percent natural cover, and
landscape/watershed context. The occurrence groups were labeled as follows:
4: Scores above the mean for all four
variables.
3H: Scores above the mean for all variables
except hydrologic intactness.
3F: Scores above the mean for all variables
except percent veriﬁed ﬂooding.
3N: Scores above the mean for all variables
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except percent natural cover.
3L: Scores above the mean for all variables
except the landscape/watershed index.
We examined the ﬁve groups with respect
to corroborating evidence, asking the questions: (1) Is this occurrence conﬁrmed by
a high quality ﬂoodplain forest from the
ground survey data? (2) Does the occurrence occur within a large intact block of
forest? and (3) Was the occurrence adjacent
to a stream identiﬁed by The Nature Conservancy (TNC) as critical to biodiversity
through an independent ecoregional assessment (Anderson et al. 2006a, b)?

Volume 30 (1), 2010

RESULTS
Floodplain and riparian areas covered 11%
of the watershed (331,073 ha). Small riparian areas associated with size 1 streams accounted for most of the acreage, reﬂecting
the proportion of small to large streams in
the watershed. Floodplains on the mainstem accounted for 5% of the riparian
areas (17,110 ha, 0.6% of the watershed).
Individual modeled ﬂoodplain occurrences
numbered over 17,000, and ranged from
0.81 ha to 521 ha in size (Table 2).
The total area of spring ﬂooding in the
watershed amounted to 48,956 hectares
with 45% of that occurring directly on
the floodplain occurrences. Flooding
was distributed along all size classes of
streams and water bodies. The majority
of the cells that showed spring ﬂooding
but did not overlap with the ﬂoodplain
model coincided with wetland and open
water features, suggesting that the size
of these features expanded in spring and
shrank in fall.
CART analysis indicated that ﬂoodplain
forest occurrences could be consistently
distinguished from occurrences of other
riparian communities using the adjacent
stream size, the degree of ﬂooding (percent
overlap), and the elevation mean and minimum. Floodplain forest occurrences were
mostly adjacent to streams with over 78
km2 watersheds (size 2, 3, and 4 streams)
and occurrences that had over 0.06% veri-

ﬁed ﬂooding. Floodplain forest occurrences
on smaller (size 1) streams had mixed
conifer-deciduous landcover over 3.2 %
and mapped waterbodies over 3.9%
Applying the CART floodplain forest
criteria to all the ﬂoodplain occurrences
identiﬁed 3272 (19%) as having suitable
conditions for ﬂoodplain forests. The estimated 37,637 ha of suitable habitat was
distributed across all states and stream sizes
and ranged in size from 0.81 ha to 521 ha
with a mean of 11 ha (Table 3).
Based on the 73 ground-inventoried
ﬂoodplain forests that had quality ranks
assigned by ecologists at the site, the
highest quality (A-ranked, score = 4)
ﬂoodplain forests were larger in size, had
more active ﬂooding, and a higher percentage of natural cover (Table 4). Regression
analysis suggested that this trend was
weak but consistent across ranked classes
(Figure 3, R2 = 0.21, P = 0.0002). The
measure of hydrologic intactness and the
index of landscape/watershed quality had
no effect on the predictive power of the
regression.
Ranking the High Quality Floodplain
Forest Occurrences
We concentrated our analysis on areas
at least 20 ha in extent. Although this
minimum size was smaller than the average
sizes for “A” and “B” ranked occurrences
based on ground survey (98 ha and 57

ha respectively; Table 4), it corresponded
roughly with the area requirements for
a stable population breeding Cerulean
Warblers [Dendroica cerulean (Wilson)],
an uncommon species, tracked in the
watershed and often found in remnant
ﬂoodplain forests (Poole et al. 2000; see
Anderson 2008). We assumed that larger
ﬂoodplain forest occurrences were more
likely to encompass a range of ﬂoodplain
features such as sloughs, braided channels,
and vernal ponds.
We ordered and ranked the 380 predicted
ﬂoodplain forest occurrences over 20 ha
in size. As a group, these averaged 65 ha
in size, 66% in natural cover, and 14% in
veriﬁed ﬂooding, and had a ratio of dam
storage to mean annual run off of less than
40 to 1. The ﬁve sets of high quality occurrences (Group 4, 3H, 3F, 3N, 3L) each
contained 14 to 55 occurrences. Below we
report on each group individually.
Group 4: occurrences with scores above
the mean for all four variables. These 32
examples had larger sizes, higher natural
cover, more ﬂooding, and the most intact
surrounding landscapes than any others
in the watershed. The occurrences were
associated with 19 small rivers and a few
lakesides. Six occurrences were corroborated by highly ranked element occurrences
of ﬂoodplain forests. Six fell within large
intact forest blocks and 13 were adjacent
to streams identiﬁed by TNC as critical
for biodiversity. Five rivers, the Scantic,

Table 2: Floodplain/riparian model area summaries by state and by the water body type the model occurrences are associated with; areas are in hectares.

STATE

Size 1

Size 2

Size 3

Size 4

Lake/pond
/res

Estuary

State
totals

New Hampshire

56,134

13,736

7,815

5,279

10,679

0

93,644

Vermont

34,143

9,035

2,257

3,863

4,080

0

53,378

Massachusetts

85,803

13,186

4,462

4,102

13,789

0

121,342

Connecticut

40,363
65.4
216,444

4,374
12.2
40,330

3,152
5.3
17,687

3,866
5.2
17,110

6,410
10.6
34,959

4,543
1.4
4,543

62,709
100
331,073

11,946
18.1

1,241
32.5

495
35.7

659
26

2,911
12

61
74.5

17,313
19.1

Percent of total
Grand Totals
Number of
occurrences
Mean Size
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Table 3: Predicted ﬂoodplain forests: area summaries by state and by the water feature type the model occurrences are associated with; areas are in
hectares

STATE
New Hampshire
Vermont

Size 1
197

Size 3
3,214

Size 4
2,067

Lake/pond
/res
308

Estuary
0

State
totals
10,110

373

2,498

782

1,467

224

0

5,343

Massachusetts

1,525

4,367

1,612

1,549

1,177

0

10,230

Connecticut

6,342

1,697

1,180

1,371

1,309

76

11,975

Percent of total

22

34

18

17

8

0.2

100

Grand Totals
Number of
occurrences

8,436

12,887

6,787

6,454

3,018

76

37,659

710

963

409

564

611

15

3,272

Mean Size

11.9

13.4

16.6

11.5

4.9

5.1

11.4

Ashuelot, Mascoma, Podunck, and the
Mill River in Hatﬁeld, Massachusetts,
were ﬂanked by more than one Group 4
occurrence (Table 5).
Group 3H: occurrences with scores above
the mean for all variables except hydrologic intactness. This group contained 14
examples from seven rivers. These captured
many larger river systems that had upstream dams storing larger percentages of
the mean annual runoff. Four occurrences
were conﬁrmed by ground inventory of
high quality ﬂoodplain forests or alluvial
marshes. Three fell within large intact forest blocks and 12 were adjacent to TNC
critical streams.
Group 3F: occurrences with scores above
the mean for all variables except percent
veriﬁed ﬂooding. This set of 55 examples
from 35 rivers co-occurred with Group
4 occurrences. Mean percent ﬂooding in
this group was only 3% and the mode was
0, although some examples reached 12%
veriﬁed ﬂooding. Only one (Upper Ammonoosuc River) was corroborated by a
ground inventory element occurrence of a
ﬂoodplain forest. Twenty-one fell within a
large intact forest block, and 34 were adjacent to TNC identiﬁed critical streams.
Group 3N: occurrences with scores above
the mean for all variables except percent
natural cover. This set of 20 examples
from 11 rivers captured river systems with
signiﬁcant proportions of agriculture on the
46

Size 2
4,325

occurrences. Many of these occurrences
may be restorable to ﬂoodplain forest as
their setting, ﬂood regime, and hydrologic
intactness appear to favor ﬂoodplain forest.
Two occurrences were corroborated by
NHP ground inventory, one as a ﬂoodplain
forest and one as an alluvial marsh. Correspondence with TNC critical sites was
weaker for this group with seven occurring
on critical streams.
Group 3L: occurrences with scores above
the mean for all variables except the landscape/watershed index. This set of eight
examples from seven rivers was mostly
from the southern end of the basin where
development was heaviest. While the current condition may be high, these examples
may be hard to conserve over the long term
due to their setting. None were corroborated by ground-inventoried occurrences.
One occurrence was in an intact block of

forest, and two corresponded to a TNC
identiﬁed critical stream.
Summary of Floodplain Forests by
River System
The high quality examples of ﬂoodplain
occurrences were concentrated in a set
of 62 rivers. Some of these had several
high ranking examples scattered along the
river ﬂoodplain, such as the Scantic (8),
Ammonoosook (6), Connecticut (6), and
Ashuelot (5) rivers (Table 5).
The twenty top-ranking streams collectively contained 75 large ﬂoodplain areas
totaling 5181 ha (Table 5; Figure 4). The
last of these, the Connecticut River mainstem, had no Group 4 occurrences but
instead ﬁve occurrences of Group 3H. This
pattern reﬂects the difﬁculty of a large river

Table 4: Average values for Natural Heritage ground inventoried ﬂoodplain forest examples.

Floodplain Forest Occurrences by Rank
A
B
C
D
Size (hectares)
98
57
33
3
Percent Verified Flooding
42% 33% 16% 11%
Percent Natural Cover
73% 79% 58% 53%
Hydrologic Intactness (rank%)
72% 57% 56%
0%
LWC Index
162
179
171
260
Count
14
33
25
1
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Ave/Total
56
29%
70%
59%
174
73
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Figure 3. Reported quality ranks from 73 ground inventoried examples of ﬂoodplain forests versus the rank predicted from the standardized attributes of
size, percent veriﬁed ﬂooding and percent natural cover (trend line R2 = 0.21, P = 0.0002). The means and standard conﬁdence intervals suggest that the
relationship between the reported and predicted ranks is more variable in the higher quality examples.

system to rank above the mean for reach
level hydrologic intactness. These sets of
streams are the logical best places to focus
on conservation of ﬂoodplain forests in
this watershed.
DISCUSSION
Riverine landscapes are formed by an interconnected series of geomorphic processes
and ecological responses, and their conservation is dependent on the ability to protect
or restore some semblance of the natural
ﬂow regime (Poff et al.1997; Richter et
al. 1997). Additionally, a critical part of
ﬂoodplain forest conservation is identifying those areas within the riparian system
where land conservation is needed and
most likely to succeed. Previous inventory
in the watershed has been limited to locating and evaluating remaining remnants of

ﬂoodplain forests (Kearsley 1999; Nichols
et al. 2000; Sorenson et al., unpubl. data).
While these places are valuable, given
limited inventory, they may not always be
the best locations to invest in conservation action. Our approach expands on the
inventories to consider areas where: (1)
sustaining hydrologic processes are still
intact; (2) remnant examples provide seed
banks and other legacy features; and (3)
the surrounding landscape and watershed
context is suitable for restoring a whole
ﬂoodplain ecosystem with all its facets
and dynamics. Hydrologic processes were
accounted for directly through the veriﬁcation of current ﬂooding and indirectly
through the analysis of dam storage and
connected networks. Overland ﬂows were
incorporated with the ﬂow accumulation
models. Remnant ﬂoodplain examples were
used directly in the evaluation through
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the ground-inventory data and indirectly
through the CART modeling developed
from the inventory data. The landscape/
watershed context index integrated land
cover, ﬂow, and river connectivity.
The utility of our approach is demonstrated
by the relationship between the quality rank
of ﬂoodplain forest occurrences assigned
by the ﬁeld survey and the predicted rank
estimated by the model (Figure 3). Site
descriptions for the two occurrences ranked
“A” by the ﬁeld inventory but predicted
to be a low “C” by the regression model
reveals that both occurrences were remnant
forest patches on the mainstem with high
levels of agriculture. One was a 1 ha occurrence with 78% agriculture and only 11%
ﬂooding; the other was a 79 ha occurrence
with 61% agriculture and 19% ﬂooding
in a developed setting. In this case, the
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Table 5: Summary of ﬂoodplain occurrences by river system. For each river the total number of ﬂoodplain occurrences is summed by their rank. 4 =
all four variables above the mean, 3F = all variables above the mean except ﬂooding, 3H = all variables above the mean except hydrologic intactness, 3L
= all variables above the mean except landscape/watershed context, 3N all variables above the mean except natural cover. The number of corroborating
inventoried ﬂoodplain forest element occurrences (EOs) is shown by quality rank where A is the best rank and C is the poorest quality.

River System

Modeled Floodplain Occurrences over 50 acres

NHD name
Scantic River

4
4

Ashuelot River

2

Mascoma River

2

3F
2
2

3H

3L

3N
2

Confirming Eos

3
4

2

1

0 SUM
8

3

3

4

7

1

1

3

2

1

Podunk River

2

1

Johns River

2

2

Piper Brook

2

2

Third Branch
White River
Ammonoosuc
River
Priest Brook

2

2
4

1

2

3

5

1

5

10
3

2

1

1

2

1

1

1

2

4

1

1

1

3

1

1

1

1

1

Elmer Brook

1

1

North Branch
Sugar River
Otter River

1

1

1

1

Roaring Brook
Number 2
Sunco Brook

1

1

1

1
5

West Branch
Westfield River
West River
Fort River
Quaboag River
Hubbard Brook
Saxtons River
Coginchaug River

3

Eightmile River

2

1

2

1

2
2
2
2
2
1

1

6

26
1

14

30

76
7

3

3

3

3

2

1

3

1

1

2

6

2
2
2
2
2
2

1

3

1

6

1

10

South Branch
Ashuelot River
Stockwell and
Priest Brook
Cold River

Upper
Ammonoosuc
River
Moose River

2

3

6

Hockanum River

Connecticut River

C SUM
1

5

1

B

17

Mill River

1

2

A

3
2
2
1
1

1
1

3

6
4
8
3
3
2

1

4

1

4

1

1

10
1

1

1

2

2
continued
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Table 5: Summary of ﬂoodplain occurrences by river system. For each river the total number of ﬂoodplain occurrences is summed by their rank. 4 = all
four variables above the mean, 3F = all variables above the mean except ﬂooding, 3H = all variables above the mean except hydrologic intactness, 3L =
all variables above the mean except landscape/watershed context, 3N all variables above the mean except natural cover. 3 = 3 variables above the mean,
2 = 2 variables above the mean, 1 = 1 variable above the mean, 0 = no variables above the mean. The number of corroborating inventoried ﬂoodplain
forest element occurrences (EOs) is shown by quality rank where A is the best rank and C is the poorest quality.

River System
NHD name
Ottauquechee
River
All other rivers
(72)
(blank)
Grand Total

Modeled Floodplain Occurrences over 50 acres
4

Confirming Eos

3F
1

3H

3L
1

3N

3
2

2

1

20

2

4

6

32

22

35

45

134

6

12

2

12

14

43

23

102

66

76

101

380

3

6

32

57

predicted rank provides a more integrated
measure of overall quality, and restorability,
than the ﬁeld assigned rank.
Where we had site veriﬁcation within the
ﬁve sets of occurrences (4, 3H, 3N, 3F, 3L),
the information corroborated the results
of the analysis. For instance, the Elmer
Brook occurrence in the top-ranked set
(Group 4), a 40-ha small-river ﬂoodplain
forest ranked A by the ﬁeld survey, with
99% natural cover, 47% veriﬁed ﬂooding,
a storage-to-run ratio of only 3.3, has been
identiﬁed through a separate, expert driven,
process as a critical site for ﬂoodplain forest conservation. Likewise the Mascoma
River occurrence described in the previous
paragraph has been recognized by conservation organizations as an appropriate site
for ﬂoodplain conservation (D. Bechtel,
Conservation Science Director, Nature
Conservancy of New Hampshire, pers.
comm. 2008).
Occurrences in Group 4 appear to be biased towards smaller streams because the
reach-level hydrology is more likely to be
intact for small watersheds and lakeshores.
Group 3H skirts this problem by identifying
occurrences that are outstanding in all ways
except their reach level hydrology. They
should be considered equivalent to Group 4
for larger rivers. The two conﬁrmed occurrences of large river system communities in
Group 3H include a 76 ha alluvial swamp
and a 277 ha alluvial marsh complex, both
ranked high in the ﬁeld surveys.
We did not directly address the feasibility

14

8

0 SUM
1
3

of ﬂoodplain conservation at each site.
The veriﬁcation of current ﬂooding and
the measure of hydrologic intactness offer an indirect measure for the challenges
of restoring a natural ﬂood regime at that
site (Henry and Amorous 1995). It is clear
that ﬂood pulses are essential to maintaining these systems but restoring processes
alone may not be sufﬁcient to conserve
the whole forest ecosystem (Trowbridge
2007). The landscape/watershed context
index gives an indication of obstacles to
conservation in the surrounding area. Good
occurrences with poor landscape/watershed
context (Group 3L) hemmed in by roads
and development or constrained by large
numbers of dams are difﬁcult areas for
large scale conservation. The degree to
which the occurrence was on land secured
against conversion, particularly where the
management intent is compatible with
biodiversity conservation, may be one of
the best criteria for prioritizing among
otherwise equal sites. Even with the emphasis on maintaining ﬂood regimes and
geomorphic processes, the conservation of
ﬂoodplains still depends on the protection
of land (Tockner and Sheimer 1997).
Cost and available cloud-free Landsat imagery prohibited our analysis of other dates
of high and low ﬂow as part of this project.
Given that we chose imagery representing
very different ﬂow extremes (99 percentile
in the spring vs. 8 percentile in the fall),
we are conﬁdent that we captured most of
the detectable area that ﬂoods at this level
every 1-2 years. Additionally, as our methods focused more on the relative amount
of ﬂooding received by one occurrence or
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A

B

C SUM

1

2

3

6

2

1

3

12

8

31

8

another, changes in the absolute magnitude
of ﬂooding are not as problematic to our
results as are changes in the distribution
of ﬂooding. Additional Landsat imagery
analysis could be useful to further explore
the year-to-year variation in the distribution
of ﬂood levels across the watershed.
We offer a straightforward way for evaluating multiple dimensions of a ﬂoodplain
system. Further ground survey may be
needed to conﬁrm the exact land tracts
where conservationists should invest resources into ﬂoodplain forest conservation.
Overall, the methods appear to identify suitable locations along river systems where
conservation is likely to be successful.
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Figure 4. Map of the Connecticut River Watershed showing highly ranked ﬂoodplain forest model occurrences, > 20 ha and above the mean on >= 3 of the
4 ranking variables.
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