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Abstract. Inland water bodies and their surface hydrologic connections are active components in the land-
scape, influencing multiple ecological processes that can propagate to broad-scale phenomena such as regional
nutrient and carbon cycles and metapopulation dynamics. However, while lake, wetland, and stream abun-
dance has been estimated at regional and global extents, less attention has been paid to freshwater connectivity
attributes among aquatic systems at macroscales. Thus, regional to continental patterns of freshwater abun-
dance and connectivity are poorly understood. We measured lake, wetland, and stream abundance and sur-
face connectivity attributes (i.e., landscape position within stream networks) at a subcontinental extent in the
Midwest and Northeast United States to characterize macroscale spatial patterns of the freshwater landscape
(i.e., abundance and connectivity attributes of lakes, wetlands, and streams). We found that lake and wetland
abundance exhibited opposite spatial patterns from stream density that generally followed glaciation extent
boundaries—lake and wetland abundance was high north of the glaciation boundary, whereas stream density
was high south of the glaciation boundary. Freshwater connectivity attributes exhibited distinct spatial patterns
as defined by our integrated freshwater clusters and revealed a layer of complexity not captured by abundance
measures. Patterns of freshwater abundance and connectivity in the study extent were associated primarily
with glaciation and secondarily with hydrogeomorphic (e.g., surficial geology and topography), climate (e.g.,
runoff), and land-use (e.g., agriculture) variables, providing insight into potential drivers of freshwater compo-
sition and distribution. The connectivity spatial patterns observed suggest that relying solely on freshwater
abundance measures in macroscale analyses omits unique information on the structural attributes of freshwa-
ter systems that can be critical to key ecological processes. Adopting an integrated freshwater landscape frame-
work to study and manage freshwaters is essential as freshwater systems face broad-scale disturbances that
may alter hydrologic connections and subsequently may impact ecosystem processes and services.
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INTRODUCTION

Freshwater ecosystems are active components
in the landscape that influence a number of eco-
logical processes and provide invaluable ecosys-
tem services. Freshwater connections that link
lakes, wetlands, and streams to one another and
the surrounding landscape are major structural
components that influence critical freshwater pro-
cesses such as water, nutrient, and carbon fluxes
(Quinlan et al. 2003, Cardille et al. 2007, Acuna
and Tockner 2010, Lottig et al. 2011), nutrient and
carbon processing (Weller et al. 1996, Kling et al.
2000, Strayer et al. 2003), and the dispersal of
organisms influencing population and commu-
nity dynamics (Pringle 2001, Crump et al. 2007,
Bouvier et al. 2009, Nelson et al. 2009). These
processes can influence broad-scale ecological
phenomena with implications for regional and
global biogeochemical budgets and metapopula-
tion dynamics. Quantifying patterns of freshwater
abundance and connectivity is essential to inform
upscaling of biogeochemical processing and for
conservation and management of populations at
broad spatial extents. However, we have an
incomplete view of the integrated freshwater
landscape that includes lakes, wetlands, and
streams and their spatial connections to one
another at macroscales, defined as regional to
continental extents spanning hundreds to thou-
sands of kilometers (Heffernan et al. 2014). While
progress has been made on quantifying the abun-
dance of individual ecosystem types across the
landscape, an integrative picture of the combined
freshwater landscape that explicitly includes spa-
tial connections among these systems has not
been developed.

Regional and global abundance has been esti-
mated for lakes (Downing et al. 2006, McDonald
et al. 2012, Verpoorter et al. 2014), wetlands
(Aselmann and Crutzen 1989, Lehner and Doll
2004), and streams (Downing et al. 2012). These
studies were the first to explicitly estimate the
distribution of freshwater systems across broad
spatial extents and examine underlying geospa-
tial features related to these patterns (i.e., glacial
and tectonic activity, geomorphology, and regio-
nal climate; Meybeck 1995, Smith et al. 2002,
Downing and Duarte 2009). Most of these stud-
ies, however, were restricted to one freshwater
system type, thus providing a limited view of the

ECOSPHERE % www.esajournals.org

FERGUS ET AL.

diversity of the freshwater landscape. Exceptions
to this were studies on macroscale carbon cycles
that integrated inland waters by estimating sur-
face area of lakes, reservoirs, and streams (Ray-
mond et al. 2013, Butman et al. 2016). However,
both single- and integrated-system studies did
not distinguish freshwater systems by their
hydrologic connectivity attributes (e.g., drainage,
seepage system types), and thus provide general
abundance estimates that lump all system types
together, ignoring the diversity of hydrologic
types across the landscape.

Unlike abundance patterns, freshwater connec-
tivity patterns have not been quantified at regio-
nal to global scales, in part because freshwater
connectivity can be challenging to define (Ali
and Roy 2009), is scale dependent, and fine-scale
data on hydrologic flow paths are lacking at
macroscale extents. Hence, it is challenging to get
precise measures of hydrologic connections
among systems at broad spatial extents. How-
ever, landscape metrics are useful tools that can
address this limitation for broad-scale analyses
by capturing aspects of freshwater connectivity
within the landscape, which we define as the sur-
face connections linking lakes, wetlands, and
streams. Landscape position of freshwater sys-
tems is one useful class of metrics that is inher-
ently associated with differences in connectivity
characteristics moving along longitudinal gradi-
ents of geomorphic and hydrologic settings
(Kratz et al. 1997, Soranno et al. 1999, Riera et al.
2000, Martin and Soranno 2006, Muller et al.
2013). For example, lake hydrologic position met-
rics incorporate lake connections with stream
inflows and outflows (Martin and Soranno 2006),
and lake order differentiates systems based on
their position within stream networks (Riera
et al. 2000). While landscape position measures
do not provide explicit measures of all possible
hydrologic flow paths, they do group systems
with similar spatial and landscape characteris-
tics, which can be useful to characterize surface
connectivity attributes.

Lake, wetland, and stream landscape position
metrics are related to biogeochemical variables
(Lohse et al. 2009, Humborg et al. 2010, Racchetti
et al. 2010, Sadro et al. 2011), hydrogeomorphic
and limnological characteristics (Martin and
Soranno 2006, Butman and Raymond 2011, Read
et al. 2015), and responses to land-use disturbances
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(Detenbeck et al. 1993, Freeman et al. 2007, Sor-
anno et al. 20154), demonstrating that they capture
spatial connectivity characteristics that are relevant
to ecological processes. For example, within a
hydrologic flow system, lakes at high positions
tend to be hydrologically dominated by precipita-
tion and, thus, have lower base cation concentra-
tions compared to lakes at lower positions that
have greater contributions from groundwater and
surface water sources to their water budgets (Kratz
et al. 1997, Soranno et al. 1999). These landscape
position measures are related to ecosystem struc-
ture (i.e., surface connectivity attributes) and func-
tion and can provide insight on populations of
freshwater systems at macroscales.

There is a need to examine freshwater connec-
tivity attributes at broad scales because they are
vulnerable to disturbances such as land-use con-
version and climate change that can alter hydro-
logic properties at multiple spatial and temporal
scales and subsequently threaten freshwater
integrity and function in the landscape (Carpen-
ter et al. 2011, Steele and Heffernan 2014). The
effects of broad-scale disturbances on freshwater
systems are likely to vary across the landscape
depending on underlying hydrogeomorphic
characteristics (Webster et al. 2008), the spatial
configuration of freshwater features (Vorosmarty
et al. 2010), and interactions with natural fea-
tures and human hydrological modifications
(Jones et al. 2012). Thus, it is challenging to pre-
dict the impacts of these potential disturbances
without understanding freshwater systems
within the context of their geographic setting
and at the broad spatial scales that are aligned
with the above scales of disturbance (Jones 2011,
Moore 2015). Together, these issues create a need
to develop broad, macroscale estimates of the
abundance and connectivity of freshwater sys-
tems in the landscape.

Until recently, it has been challenging to incor-
porate freshwater connectivity characteristics
into broad-scale frameworks because of compu-
tational limitations and a lack of integrated lake,
wetland, and stream datasets. Technological
advances and national-scale geographic data
resources (e.g., the high-resolution U.S. National
Hydrography Dataset; NHD) have ameliorated
some of these constraints, and we are better posi-
tioned to estimate freshwater abundance and
connectivity at macroscales.
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In this study, we characterize the macroscale
patterns of the integrated freshwater landscape
that includes lakes, wetlands, and streams, across
the Midwest and Northeast United States. We
quantify lake, wetland, and stream abundance
and density and group systems based on their
surface connections using landscape position
metrics. For the scope of this study, we define
freshwater connectivity as the permanent surface
hydrologic connections that link lakes, wetlands,
and streams, and we measure connectivity as the
landscape position of systems within stream
networks. Our objectives were to (1) quantify
macroscale patterns of surface freshwater charac-
teristics that integrate measures of both abun-
dance and connectivity at a subcontinental
spatial extent and (2) relate these macroscale pat-
terns to hydrogeomorphic, land-use, and climatic
attributes that are hypothesized to be associated
with the distribution and spatial characteristics
of surface freshwaters. Within our macroscale
extent (~1,800,000 kmz), we found distinct spatial
patterns in the abundance and connectivity of
freshwaters that can help scientists and man-
agers develop an improved broad-scale under-
standing of the composition and structure of the
freshwater landscape.

METHODS

Overview of analytical conceptual approach

No single measure can capture the diversity
and spatial complexity of surface freshwater sys-
tems, and detailed metrics requiring site-specific
data inputs are impractical across broad, regional
settings. Therefore, we adopted a multi-step
approach to build a synthetic view of the fresh-
water landscape and investigate broad-scale con-
trols on macroscale patterns. We first mapped
freshwater abundance and density of lakes, wet-
lands, and streams separately across the study
extent to determine the proportion of the land-
scape that is composed of surface freshwater bod-
ies. Second, we examined spatial distributions of
lake, wetland, and stream connectivity by charac-
terizing systems based on their stream network
landscape position and quantified the relative pro-
portion area for each freshwater system type. We
then combined data on abundance and connectiv-
ity for lakes, wetlands, and streams to develop an
integrated view of the freshwater landscape.
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Finally, we quantified associations between inte-
grated freshwater clusters and hydrogeomorphic,
land-use, and climate variables to explore under-
lying controls on spatial patterns at macroscales.

Study extent

The study area sganned a subcontinental
extent (~1,800,000 km®) in the temperate Mid-
west and Northeast regions of the United States
(Fig. 1). This spatial extent presents a distinctive
opportunity to capture the diversity of freshwa-
ter systems and connectivity characteristics that
make up the freshwater landscape because it is
rich in lakes, wetlands, and streams and spans
regional settings with diverse hydrogeomorphic,
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land-use, past glacial regime, and climate condi-
tions (Appendix S1: Table S1). To illustrate this, at
the Hydrologic Unit 8 scale (HUS), we found a
range of values for geologic composition (e.g.,
alluvial geology 0-89%), hydrologic attributes
(e.g., mean runoff 44-762 mm/yr), land-use activi-
ties (e.g., agriculture 0-89%), and climate vari-
ables (e.g., mean precipitation 566-1376 mm/yr).
In addition, the study extent has different glacia-
tion regimes from the most recent glacial period
(Wisconsin period ~2.6 million to 11,000 yr ago),
with 58% of the study extent having been
glaciated, 37% unglaciated, and 3% partially
glaciated (i.e., area along glaciation boundary that
includes glaciated and unglaciated terrain).
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Fig. 1. Study extent regions. The study extent includes three regions in the United States: the Upper Midwest,
Lower Midwest, and the Northeast and in total spans ~1,800,000 km? in area. Hydrologic Unit 8s (HUS, light
gray polygons) are depicted on the map and have a median size of 2880 km?. The solid black line represents the
estimated boundary of the Wisconsin glacial period—north of the line is glaciated area and south of the line is

unglaciated area.
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Description of datasets

Our analyses used data in the LAGOS-NEggo
database v. 1.03 (LAke multi-scaled GeOSpatial
and temporal database), an integrated, multi-
thematic geographical database spanning the Mid-
west and Northeast United States (Soranno et al.
2015b). LAGOS-NEggo includes metrics derived
from national-scale geographic data on geology,
topography, hydrology, climate, and land use/land
cover from multiple sources (Appendix S1:
Table S2). Lake and stream data originally came
from the National Hydrography Dataset (NHD
version 9.3; 1:24,000 resolution; United States Geo-
logical Survey [USGS], USGS Headquarters,
Reston, Virginia, USA), and wetland data came
from the National Wetlands Inventory (NWI ver-
sion 2 Surface Waters and Wetlands Inventory;
US. Fish and Wildlife Service, Northwest,
Washington, D.C., USA). Other geospatial data in
LAGOS-NEggo came from separate data sources:
hydrology (USGS National Water Information
System portal), topography (USGS National Eleva-
tion Dataset), geology and glaciation limits (USGS
surficial materials map database), climate data as
30-yr normal averages (PRISM Climate Group),
and land use/land cover (2011 National Land
Cover Database, Multi-Resolution Land Character-
istic Consortium). See Soranno et al. (2015b) for
more information on the database.

Definitions of lakes, wetlands, and streams

LAGOS-NEggo included lake, wetland, and
stream features from the original NHD and NWI
geographic layers that captured features that were
considered to be part of the surface freshwater
landscape and to account for limitations in the
original geographic data layers (Appendix SI:
Table S3). For example, both the NHD and NWI
comprehensively map freshwater feature types
including artificial systems (e.g., sewage treat-
ment ponds) and artificial flowlines (e.g., lines
connecting NHD features) and these highly modi-
fied, man-made systems were not incorporated
into analyses. Our freshwater system definitions
are provided below.

Lake features came from NHD v. 9.3 and were
defined as perennial water bodies (as denoted
within the NHD) with surface area >0.04 km?,
including both natural lakes and reservoirs (ie.,
impounded streams or rivers), with a total of
50,726 lakes matching our definition within the
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study extent. Lakes smaller than 0.04 km? in size
were excluded from the analyses because these
smaller water bodies were associated with high
identification and digitization error rates compared
to lakes that were 0.04 km? and larger in the NHD
data layer (Appendix S1: Table S3; Soranno et al.
2015b). Omitting these small lakes (<0.04 km* and
>0.01 km?) in the NHD did not greatly affect lake
area summaries accounting for only 0.73% of total
lake area in the study extent; but, they made up
over half the number of inland lake bodies (63%).
However, there is evidence that lakes smaller than
0.04 km” have large digitization error rates (~58%)
compared to lakes larger than 0.04 km?® (~15%;
Soranno et al. 2015b). We did not distinguish
between natural lakes and reservoirs because not
all systems in the NHD are properly categorized
and many artificial water bodies have been misla-
beled as natural lakes (McDonald et al. 2012).
Wetland features came from NWI v.2 and
included NWI classified Palustrine systems, that is,
non-tidal wetlands dominated by trees, shrubs,
and persistent emergent vegetation (Cowardin
et al. 1979). We removed deep-water systems
(lacustrine and riverine) from the dataset and
erased lake area from wetland polygons we
retained. There were over 4 million wetland poly-
gons remaining in the study extent (n = 4,411,383)
following the preprocessing steps. We did not set
size restrictions on wetland data because NWI reli-
ably captures wetlands that are 0.002 km? in size
or larger with a 98% identification accuracy rate
(Wetland Mapping Standard; Federal Geographic
Data Committee). We kept the NWI wetland class
geographic delineations based on vegetation and
substrate composition even for polygons that were
adjacent to one another. While it can be argued
that these adjacent polygons are hydrologically
connected to one another, we chose to retain these
boundaries rather than to merge them into single
wetland polygons because different vegetation
and substrate composition is associated with
water regime and other hydrologic characteristics
(Cowardin et al. 1979), which is important infor-
mation we wanted to retain. However, future
studies should consider how merging wetland
polygons influences connectivity estimates.
Finally, stream data included perennial streams
classified as Stream/River, Canal/Ditch, Connector,
Pipeline, Underground Conduit, and Artificial Path
feature types in the NHDFlowline data layer and
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NHDArea polygons that captured wide stream
and river features. We excluded Coastlines linear
features and Artificial Path features that did not
spatially intersect NHDArea polygons with
Stream/River features. We did not include intermit-
tent stream types in this analysis, although we rec-
ognize the importance of intermittent and
headwater streams in aquatic ecosystem function
and dynamics (Nadeau and Rains 2007). We only
included perennial stream features because they
likely represent more consistent hydrologic con-
nections and because these headwater and inter-
mittent streams are often underrepresented in the
NHD in comparison with field surveys (Fritz et al.
2013). In total, stream length exceeded 1.7 million
km in the study extent. Freshwater feature defini-
tions and detailed descriptions of preprocessing
steps for the data in LAGOS-NEggo are provided
in Soranno et al. (2015b).

There were limitations in the lake, wetland,
and stream geographic data that we were not
able to address in our analyses (Appendix SI:
Table S3). For example, both the NHD and NWI
are national datasets but are produced and regu-
larly updated at regional (often state-level) scales
by local entities. As a consequence, there are dif-
ferences in data resolution and digitization inten-
sity of water bodies across the spatial extent.
Freshwater features may not be evenly digitized
across the study extent, which could affect fresh-
water abundance and connectivity estimates.

Measuring freshwater features in the landscape
at macroscales

Freshwater abundance and connectivity metrics
were measured at two HU spatial scales: HU12
and HUS (Seaber et al. 1987). The HUs are hierar-
chically nested stream watershed spatial units that
are based on USGS 1:24,000-scale topographic
maps. The HUI2 scale is the smallest nested
spatial unit in LAGOS-NEggo and was used to
examine fine-scale heterogeneity in freshwater
attributes (n = 18,870; median size = 78.10 kmz).
The HUS8 scale is an intermediate-sized spatial
unit and was used to examine regional-scale
heterogeneity in freshwater attributes (n = 445;
median size = 2880 km?).

Freshwater abundance.—Freshwater abundance
for lakes and wetlands was quantified as the total
proportional area and density within HU12
spatial units. Streams were measured as the total
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stream density (length per unit area) within
HU12 spatial units. We represented freshwater
abundance by mapping binned metric values for
lakes, wetlands, and streams separately.

Freshwater  connectivity—We  characterized
freshwater connectivity within the spatial extent
as follows: (1) We quantified multiple freshwater
connectivity metrics for lakes, streams, and
wetlands separately, (2) we performed principal
components analysis (PCA) on the connectivity
metric values for each freshwater type to reduce
collinearity, (3) we performed k-means cluster
analysis to group spatial units with similar
freshwater connectivity characteristics, and (4)
we mapped the cluster assignments to visualize
spatial patterns.

Freshwater  connectivity — metrics.—Freshwater
connectivity metrics were calculated by first
assigning lake, wetland, and stream geographic
features into connectivity types based on their
spatial arrangement with other freshwater fea-
tures (Fig. 2). Lake connectivity types were
based on landscape position, defined by the sur-
face hydrologic connections of the focal lake with
inflowing and outflowing streams and upstream
lakes. Lakes were grouped into four hydrologic
classes: Isolated, Headwater, Drainage, and Drai-
nage-UPLK (Fig. 2a). Isolated lakes are defined
as having no stream inlets or outlets. Headwater
lakes have no stream inlets and at least one out-
let. Drainage lakes have inlets and outlets and no
upstream lakes (>0.10 km? in size). Drainage-
UPLK lakes have inlets and outlets and at least
one upstream lake (>0.10 km? in size).

Wetland connectivity types also were defined
in relation to connections with surface stream
networks; however, streamflow directionality
was not incorporated into the definition due to
computation limitations of processing millions of
wetland polygons. Wetlands were grouped into
three classes: Upland-Embedded, Headwater, and
Drainage (Fig. 2b). We considered wetlands to be
stream-connected if located at any point within
a 30-m buffer surrounding the stream segment
center line or double-banked lines for large rivers
(Soranno et al. 2015b); this buffer approach was
necessary to accommodate spatial data resolution
limitations and misalignment between different
data layers (NHD and NWI). We called wetlands
with no permanent surface stream connections
Upland-Embedded. These systems are thought to
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a. Lake b. Wetland c. Stream

Low-order
Upland-
Embedded

Headwater

4

Drainage
-UPLK

Fig. 2. Diagram of freshwater connectivity metrics for (a) lakes, (b) wetlands, and (c) streams. (a) Lakes (oval)
were assigned connectivity types based on spatial relationships with streams and upstream lakes. Lake connec-
tivity types include Isolated, no stream inlets or outlets; Headwater, only stream outlets; Drainage, stream inlets
and outlets; and Drainage-UPLK, stream inlets and outlets and at least one upstream lake >0.10 km? in size. (b)
Wetlands (hexagon) were assigned connectivity types based on spatial relationships with streams. Wetland con-
nectivity types include Upland-Embedded, no intersecting stream segments; Headwater (Headwater-WET),
intersected by one first-order stream segment; and Drainage (Drainage-WET), intersected by a stream seg-
ment > first-order or multiple stream segments. (c) Stream segments were assigned Strahler stream order
(squares) based on location in the stream network and grouped into stream connectivity classes: Low-order

Headwater-
WET

Drainage

Drainage-
WET

High-order

(first—third), Mid-order (fourth—sixth), and High-order (>sixth).

have low connectivity with no persistent surface
hydrologic connections but potentially intermit-
tent and/or subsurface hydrologic connections in
the landscape (Tiner 2003, Mushet et al. 2015).
Because flow directionality of streams intersecting
wetlands was not examined and inlets and outlets
could not be identified, we defined Headwater
wetlands to be systems that are intersected by a
Strahler first-order stream segment. And finally
Drainage wetlands were defined as systems inter-
sected by either a single second-order or higher
stream segment or by multiple stream segments.
Stream features in our study extent were clas-
sified by Strahler stream order, a measure of the
position of the stream reach in relation to the
stream network with order increasing as one
moves from the headwater streams to the termi-
nal point (Strahler 1957). We considered stream
order to capture differences in stream connectiv-
ity characteristics based on the assumption that
low-order streams are in headwater watersheds
that potentially could have more intermittent
flows as compared to high-order streams that
may have more persistent connections. Stream
order classes were grouped into three categories:
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Low-order, Mid-order, and High-order (Fig. 2c).
Low-order streams include first- to third-order
stream reaches, Mid-order streams include
fourth- to sixth-order reaches, and High-order
streams include greater than sixth-order reaches.
We calculated the relative proportion of each
connectivity type to the total area or length of the
respective freshwater system in a spatial unit
(e.g., Isolated lake area divided by total lake area
within the HU12). Relative proportion metrics are
better suited to our connectivity analyses as com-
pared to total areal proportion metrics (e.g., Iso-
lated lake area divided by HU12 area) because
freshwater features cover only a small fraction of
area across our macroscale extent, resulting in
many observations having zero or very low val-
ues. More information on geoprocessing steps
and the GIS toolbox developed to calculate the
connectivity metrics is described in Soranno et al.
(2015b), and the toolbox is available at https://
github.com/soranno/LAGOS_GIS_Toolbox.

Analysis

Principal components and k-means cluster analyses
for freshwater connectivity.—Prior to analyses, we
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transformed the relative proportion (logit) and
stream density (natural log) metric values to
meet assumptions of normality and homoscedas-
ticity. We performed PCAs on the transformed
connectivity metrics that were quantified at the
HU12 scale for lakes, wetlands, and streams sep-
arately to reduce codependence among values.
Principal components analyses were performed
using JMP 10 software (SAS Institute, Cary,
North Carolina, USA). Due to co-variation
among the variables, the top two axes explained
between 70% and 98% of the variation in the dif-
ferent PCAs performed; we only used the scores
of these two first axes for the subsequent cluster
analysis. The first two axes of the PCA are shown
in Appendix S1: Fig. S1.

K-means analyses were performed to group
HU12s that had similar freshwater connectivity
characteristics, based on PCA scores, using
JMP10. Prior to analyses, we used the “Cascade
k-means” approach (vegan R package; Oksanen
et al. 2017) to identify the number of clusters that
optimizes the within- vs. among-cluster residual
mean square error. There were some spatial units
that were not assigned cluster groups because
there were no freshwater systems present (e.g.,
HU12s without lakes present n = 7922 and com-
prised ~39% of study extent area) or because
stream segments were not assigned Strahler
stream order class due to digitization errors in
streamflow directionality in the original NHD
data layer (n =123 HU12). These sites were
assigned their own cluster, named “zero lake”
and “no stream order.” Finally, we mapped the
cluster groups across the study extent to visual-
ize the patterns of freshwater surface connectiv-
ity at macroscales.

Patterns of abundance and connectivity integrated
across lakes, wetlands, and streams.—To visualize
regional patterns of abundance and connectivity
integrated across lakes, wetlands, and streams,
we performed a similar set of analyses as the
HU12 freshwater connectivity analysis (i.e.,, PCA,
cluster analysis, and mapping the cluster groups)
at the HUS8 scale. We included abundance and
connectivity metrics across the three freshwater
systems in the PCA because it is expected that
these freshwater features may co-vary with one
another and be influenced by similar geophysical
and climatic drivers. We used the HUS scale
because lakes were present in only 58% of the
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HU12s; and 60% of HU12s with lakes only had 1—
3 lakes, which could result in lakes (or the lack of
lakes) playing a disproportionate role in deter-
mining broad-scale freshwater patterns. Perform-
ing the integrated analyses at the HUS scale
allowed all spatial units to include lakes, provid-
ing a more balanced weight to lakes, wetlands,
and streams. Eight HU8 spatial units were not
assigned cluster groups because they contained
streams that were not assigned Strahler stream
order class. In total, 447 HUS spatial units (out of
455) were retained to create integrated freshwater
clusters across the study extent.

We examined the geospatial composition of the
resulting integrated freshwater clusters by creat-
ing boxplots of freshwater abundance and con-
nectivity metrics and other landscape features
grouped by cluster. We tested for differences in
geospatial composition among cluster groups
using non-parametric Kruskal-Wallis tests and
using multiple comparison tests to examine differ-
ences between individual clusters (a0 < 0.05).

Hydrogeomorphic, climate, and land-use variables
associated with freshwater abundance and connec-
tivity.—We performed random forest analyses
using randomForest package in R (Liaw and
Wiener 2002) to examine associations between the
integrated freshwater cluster groups (at HUS8
scale) and underlying landscape and climatic
characteristics (Appendix S1: Table S1). Random
forest is a machine-learning technique based on
classification regression trees and combines multi-
ple classification trees to improve classification
accuracy (Cutler et al. 2007). The algorithm uses
bootstrap samples of the original observations
and randomized subsets of predictor variables to
build individual trees. Model accuracy and
variable importance were estimated from the
hold-out observations (about one-third of the
observations in the training set; Breiman 2001).
We used the VSURF package to inform variable
selection in the final random forest model
(Genuer et al. 2016). The package provides an
automated method to select variables based on
importance scores and to minimize redundancy
among predictor variables and thus allowed us to
identify the geographic metrics that were most
closely associated with freshwater abundance
and connectivity clusters. The number of boot-
strap samples was fixed to the smallest cluster
group size to improve prediction accuracy among
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unbalanced cluster groups and to reduce bias of
minimizing error for large cluster groups.
Freshwater clusters, PCA scores, and freshwa-
ter metric and landscape composition data at the
HU12 and HUS scales are provided in the Envi-
ronmental Data Initiative (https://environmenta
ldatainitiative.org/; Fergus et al. 20174, b).

REsuLTs

Freshwater abundance

Lake, wetland, and stream abundance measured
as areal proportions or stream density within the
HU12 exhibited contrasting macroscale patterns
within the study extent (Table 1, Fig. 3a—c). Lakes

FERGUS ET AL.

(>0.04 km” in size) were only present in over half
of the study extent (61%) in contrast to wetlands
and streams that were found throughout the study
extent (~99%). In total, lake area made up 1.9% of
the study extent area (with 2.2% lake area in gla-
ciated areas and 0.5% in non-glaciated areas), and
lake density was 0.03 km 2. In contrast to lakes,
wetlands made up 7.8% of the total study extent
area and were found at a higher density of
2.8 km 2. Total stream length was 1,794,044 km
with an overall density of 1.13 km/km” in the
study extent. In general, lake and wetland abun-
dance exhibited opposite spatial patterns along a
north-to-south gradient compared to stream den-
sity. Lake and wetland abundance was higher in

Table 1. Summary statistics of freshwater metrics.

Freshwater metric type Metric Median (SD) Range
HUS scale
Lake abundance Lake proportion 0.01 (0.04) 0-0.41
Lake size Lake size (kmz) 0.48 (803) 0-1,173,449
Lake-stream connectivity Isolated 0.08 (0.18) 0-1.00
Relative proportion Headwater 0.05(0.11) 0-0.95
Drainage 0.30 (0.26) 0-1.00
Drainage-UPLK 0.41 (0.31) 0-1.00
Wetland abundance Wetland proportion 0.05 (0.11) 0-0.95
Wetland size Wetland size (km?) 0.02 (0.04) 0-44.35
Wetland-stream connectivity Upland-Embedded 0.27 (0.14) 0.02-0.68
Relative proportion Headwater-WET 0.11 (0.05) 0-0.27
Drainage-WET 0.59 (0.17) 0.22-0.97
Stream abundance Stream density (m/km?) 0.11 (0.05) 1.95-45.12
Stream connectivity Low-order 0.87 (0.04) 0.71-1.00
Relative proportion Mid-order 0.12 (0.04) 0-0.29
High-order 0.001 (0.02) 0-0.13
HU12 scale
Lake abundance Lake proportion 0.001 (0.05) 0-0.99
Lake size Lake size (km?) 0.18 (5665) 0-82,139
Lake-stream connectivity Isolated 0(0.35) 0-1.00
Relative proportion Headwater 0(0.26) 0-1.00
Drainage 0.29 (0.40) 0-1.00
Drainage-UPLK 0(0.35) 0-1.00
Wetland abundance Wetland proportion 0.03 (0.11) 0-0.99
Wetland size Wetland size (km?) 0.02 (0.11) 0-425
Wetland-stream connectivity Upland-Embedded 0.26 (0.23) 0-1.00
Relative proportion Headwater-WET 0.09 (0.10) 0-1.00
Drainage-WET 0.59 (0.26) 0-1.00
Stream abundance Stream density (m/km?) 0.11 (0.05) 0-70.27
Stream connectivity Low-order 0.90 (0.13) 0-1.00
Relative proportion Mid-order 0.09 (0.12) 0-1.00
High-order 0 (0.05) 0-0.99

Notes: SD, standard deviation. Lake, wetland, and stream abundance and connectivity metrics were quantified at two
Hydrologic Unit (HU) spatial scales: HU8 (n = 447) and HU12 (n = 18,876). Lake and wetland connectivity metrics were calcu-
lated as relative proportions—the area of each connectivity type divided by the total lake or wetland area within a spatial unit.
Stream connectivity was calculated as the relative density of stream connectivity type out of the total stream length within the

spatial unit.

ECOSPHERE *%* www.esajournals.org

August 2017 %* Volume 8(8) % Article e01911

85USD 17 SUOLLILLIOD dA1ER.D 3|qed!dde 3y} A pausA0B a2 SSIe YO 38N J0 SN 10} Akeud 18Ul UO AS|IM UO (SUORIPUOD-PLR-SLUIBY/WI0 A3 | 1M Ale.g 1 pul|UO//SdNnY) SUORIPUOD PUe SW.B L 34} 89S *[G202/20/€0] U0 Aiq1Tauliuo A[IM ‘TTET 2S9/200T 0T/10p/W0d A8 | 1M Afeuq 1 pul|uo's feuIno fesa//:sdny wo.y papeojumoq ‘g ‘LTOZ ‘GZ680STE


https://environmentaldatainitiative.org/
https://environmentaldatainitiative.org/

FERGUS ET AL.

d. Lake connectivity

a. Lage abundance

. Lake abundance %
o

T >0.01-0.16 L R Lake connectivity

e s ] >0.16-0.60 cluster

— = T Jzerome
3 ; = I ~0.60-240 == I 1soiteq cominated
| .- ~ [ ~240-5000 \ { e 1 Headwater & Drainage-UPLK mix
| 5 | \ ) | -50.00-s557 \ ] | I orainage dominated

Wetland abundance %
| ‘ o e L
>0-0.80 : < Wetland connectivity

o«
>0.80-2.80 cluster
|| Zero wetlands

N >2.:80-9.21 f ; I Uptanc-embedded dominated

I >5.21-50.00 \ e Headwater cominated
i I 50.00-88.33 ‘ I | \ <, I orainage dominated
1

| Stream connectivity
cluster

I Low-order dominated
I Mid-order dominated
Moderate High-order
B High-order dominated

I o stream order

Stream density (km/ha)

Lo

>0-7.65

I >785-11.18

>11.18-14.40

Il -14.40-7027

Fig. 3. Freshwater abundance and connectivity maps by system type. Freshwater abundance is quantified as
the total proportion area or stream density within the Hydrologic Unit (HU) 12 spatial unit for lakes (a), wetlands
(b), and streams (c). Abundance values are binned as quantiles. Freshwater connectivity for lakes (d), wetlands
(e), and streams (f) is represented by connectivity cluster groups determined by k-means cluster group using
principal components analysis (PCA) scores from lake, wetland, and stream connectivity metrics at the HU12
spatial scale. Dominated is in reference to where spatial units plotted on the PCA axes using relative proportion
connectivity metric values. The solid black line represents the estimated boundary of the Wisconsin glacial
period—north of the line is glaciated area and south of the line is unglaciated area.
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the northern area of the study extent compared to
the southern areas, whereas stream density was
higher in the southern area of the study extent
compared to northern areas. However, there were
exceptions to this general trend with glaciation
extent. Lakes were not present and wetlands were
in low abundance in parts of the Upper Midwest
(Fig. 3a, b), and stream density in the Northeast
did not show as strong a north-south trend
(Fig. 3c).

Freshwater connectivity

Lake, wetland, and stream connectivity clus-
ters assigned at the HU12 scale were derived sep-
arately from PCA scores. For lakes, two principal
component axes explained ~70% of variation in
lake connectivity metrics and resulted in three
lake connectivity clusters. For wetlands, ~96% of
variation in wetland connectivity metrics was
explained by two PC axes, and PCA scores
resulted in three wetland connectivity clusters.
For streams, ~99% of variation in stream order
density metrics was explained by two PC axes,
and four stream connectivity clusters were
retained (Appendix S1: Fig. S1).

Spatial patterns in freshwater connectivity
clusters (Fig. 3d—f) differed from corresponding
freshwater abundance patterns. Across the study
extent, lake connectivity clusters exhibited non-
contiguous spatial patterns (Fig. 3d). For example,
in the Midwest where lake abundance was high,
connectivity clusters included Headwater and
Drainage-UPLK lake clusters and Isolated lake
clusters. In contrast, wetland connectivity clusters
were contiguous and similar to wetland abun-
dance patterns (Fig. 3e). Clusters characterized by

FERGUS ET AL.

Headwater wetlands were the most prominent
cluster group (66% of HU12s) and tended to be
located in the northern extent of the study area
where wetland abundance was high. Areas where
wetland abundance was low tended to be domi-
nated by Drainage or Upland-Embedded wetlands.
For streams, Low-order streams were prominent in
the Upper Midwest HU12s and tended to be in
areas where stream density was high.

The freshwater landscape: integrating lake,
wetland, and stream abundance and connectivity

We combined freshwater abundance and con-
nectivity measures for lakes, wetlands, and
streams that were quantified at the HUS spatial
unit (Table 1) to evaluate the integrated fresh-
water landscape. Due to the higher number of
variables included and the weaker co-variation
when different variable types are included, the
first two axes of the PCA performed on all the
abundance and connectivity metrics captured
~43% of wvariation in the freshwater metrics
(Appendix S1: Fig. S2), lower than the variation
captured in the individual HUI2 connectivity
analyses on lake, wetland, and stream systems
(Appendix S1: Fig. S1). Nevertheless, the first two
axes of the PCA performed on 15 different input
variables captured nearly half of the variability,
showing that there are consistent patterns across
connectivity, abundance, and system types that
can be summed into synthetic PCA axes. Thus,
based on multivariate associations among these
metrics (PCA scores), we identified five integrated
freshwater cluster groups with distinct freshwater
abundance and connectivity attributes (Table 2;
Appendix S1: Fig. S2). There were significant

Table 2. Composition of integrated freshwater abundance and connectivity cluster groups at the HUS scale.

Connectivity

Abundance

Lake Wetland

Stream order

Cluster assignment ~ Lake ~ Wet  Stream I HW

DR UPLK U HW DR Low Mid High

- - +

mT N w P
+ 4+ 4
+ 4+ 4

[

+ + + +
+ + +
+ + +
+ + +
+ + +

Notes: Integrated freshwater cluster groups (A-E) are composed of different freshwater abundance and connectivity character-
istics. The proportion of lake and wetland area and stream (density) in clusters ranges from high (+) and low (—) abundance. Fresh-
water connectivity types that are dominant in clusters are represented with (+). Freshwater connectivity types include lakes and
wetlands: I, Isolated; U, Upland-Embedded; HW, Headwater; DR, Drainage; UPLK, Drainage-UPLK; and streams Low = first- to
third-order stream segments; Mid = fourth- to sixth-order stream segments; and High = >sixth-order stream segments.
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differences (a < 0.05) in freshwater abundance
and connectivity metrics among the clusters based
on Kruskal-Wallis tests (Appendix S1: Table 54).
However, not all cluster groups were significantly
different from one another for a given metric
(Appendix S1: Table S5). For example, Clusters C
and D were not significantly different in lake, wet-
land, and stream abundance composition from
one another, but they were significantly different
from the lake, wetland, and stream abundance
composition in Clusters A and B.

These integrated freshwater clusters exhibited
macroscale spatial patterns that were largely dis-
tinguished by glaciation extent boundaries (Fig. 4).

FERGUS ET AL.

In general, we found that Clusters C, D, and E
mostly located north of the glaciation boundary
had significantly greater lake and wetland abun-
dance compared to the other clusters and were
composed of a variety of both isolated, upland-
embedded, and stream-connected lake and
wetland connectivity types, whereas Clusters A
and B mostly located south of the glaciation
boundary had significantly greater stream density
compared to glaciated areas and were dominated
by Drainage connectivity types for both lakes and
wetlands (Figs. 4, 5; Appendix S1: Table S5).

The most common integrated freshwater clus-
ter group in the study extent was Cluster C (149
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Fig. 4. Integrated freshwater abundance and connectivity map. Integrated freshwater abundance and connec-
tivity clusters were assigned using k-means cluster analysis based on principal components analysis scores from
lake, wetland, and stream abundance and connectivity metrics quantified at the Hydrologic Unit (HU) 8 scale
(HU8 = 447). Spatial units not assigned a cluster group were missing stream order data for a portion of the area.
Interpretation of cluster groups is provided in Table 1. The solid black line represents the estimated boundary of
the Wisconsin glacial period—north of the line is glaciated area and south of the line is unglaciated area.
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Fig. 5. Boxplots of freshwater abundance and connectivity metrics by the integrated freshwater cluster groups.
Boxplots represent the distributions of lake and wetland abundance (proportion area in Hydrologic Unit [HU] 8
unit), stream density (m/km?), and freshwater connectivity measures (relative proportion of freshwater connectiv-
ity type among respective freshwater system total area or density) among the integrated freshwater HUS clusters
(A-E). The dashed gray line represents the median metric value. Integrated freshwater clusters captured significant
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differences in freshwater abundance and connectivity metrics based on Kruskal-Wallis tests (o < 0.05).

ECOSPHERE *%* www.esajournals.org

13 August 2017 %* Volume 8(8) % Article e01911

85USD 17 SUOLLILLIOD dA1ER.D 3|qed!dde 3y} A pausA0B a2 SSIe YO 38N J0 SN 10} Akeud 18Ul UO AS|IM UO (SUORIPUOD-PLR-SLUIBY/WI0 A3 | 1M Ale.g 1 pul|UO//SdNnY) SUORIPUOD PUe SW.B L 34} 89S *[G202/20/€0] U0 Aiq1Tauliuo A[IM ‘TTET 2S9/200T 0T/10p/W0d A8 | 1M Afeuq 1 pul|uo's feuIno fesa//:sdny wo.y papeojumoq ‘g ‘LTOZ ‘GZ680STE



out of a total of 447 HUSs). This cluster group
was distributed across the Upper Midwest and
Northeast (Fig. 4) and was characterized as hav-
ing significantly greater relative proportions of
Isolated, Upland-Embedded, and Headwater
lakes and wetlands and lower stream density
that was dominated by Mid-order streams com-
pared to the other cluster groups—except that
Clusters C and B were not significantly different
for Isolated lake metrics (Fig. 5; Appendix S1:
Tables 5S4, S5). The least common integrated
freshwater cluster group, Cluster E (23 out of 447
HUSs), was located primarily in the Upper Mid-
west. This cluster group was characterized as
having significantly higher relative proportions
of Low-order stream length compared to other
cluster groups (Appendix S1: Table S5). How-
ever, Cluster E included HUS8s with large varia-
tion in freshwater composition, and this cluster
group did not significantly differ in lake and
wetland connectivity metrics from other clusters
(Appendix S1: Table S5).

The integrated freshwater landscape exhibited
distinct, non-random spatial patterns at broad
extents which provide a framework for investi-
gating macroscale relationships that influence
freshwater distributions and their connections
with the surrounding landscape.

Hydrogeomorphic, climate, and land-use
variables associated with broad-scale freshwater
landscape attributes

Freshwater abundance patterns aligned with
past glacial activity, but freshwater connectivity
patterns did not completely follow this spatial gra-
dient, suggesting that there are additional under-
lying drivers shaping the freshwater landscape. Of
the 21 predictor variables tested in random forest
models analyzing integrated freshwater abun-
dance and connectivity clusters (HUS scale), glacia-
tion regime was the top predictor. In fact, there
were significant differences in lake, wetland, and
stream abundance metrics across glaciation
regimes (Kruskal-Wallis tests: lake abundance,
H =93.69, df = 2, P < 0.0001; wetland abundance,
H =133.91, df = 2, P < 0.0001; stream density, H =
138.79, df =2, P <0.0001). But Isolated lake
metrics were not significantly different among
glaciation regimes (H = 4.28, df = 2, P = 0.12), and
Low-order stream metrics were only marginally

ECOSPHERE % www.esajournals.org
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significantly different among glaciation regimes
(H =850, df =2, P = 0.01). The associations sug-
gest that past geological activity (i.e., glacial pro-
cesses) is likely a key driver that affects the
presence and abundance of freshwater systems,
while specific hydrologic, geologic, and human
land-use activity may influence freshwater connec-
tivity within regions in different ways.

The top performing random forest model accu-
rately predicted 57% of integrated freshwater
cluster assignment (HUS8 scale) based on out-
of-bag samples, meaning that the predictor vari-
ables did better than random at predicting the
overall cluster membership. The most important
variables associated with the integrated clusters
were glaciation regime, hydrology (mean runoff
and baseflow), geology (glacial fluvial outwash
and alluvial deposits), mean precipitation, and
human land wuse (pasture and agriculture;
Appendix S1: Fig. S3). These variables were sig-
nificantly different among the five integrated
cluster groups based on Kruskal-Wallis tests
(Appendix S1: Table S6). Prediction accuracy
varied among individual integrated freshwater
clusters with Cluster A having the highest classi-
fication accuracy (65%) and Cluster B having the
lowest (45%; Appendix S1: Table S7).

The integrated freshwater clusters differed in
hydrogeomorphic features, climate, and land use
(Fig. 6). In general, areas that were lake and wet-
land rich (Clusters C, D, and E) tended to have
high runoff, baseflow, and glacial fluvial out-
wash geology. In contrast, areas that were rich in
streams (Clusters A and B) tended to have high
precipitation, topographic slope, alluvial geol-
ogy, and pasture and agricultural land-use activi-
ties. The location of integrated freshwater
clusters tended to vary with glaciation regime
with Clusters A and B observed in higher fre-
quency in unglaciated areas and Clusters C, D,
and E observed in higher frequency in glaciated
areas (Appendix S1: Fig. S4). Although glaciation
regime co-varied with other geospatial predictors
such as mean baseflow, mean runoff, percent
agriculture, and mean slope based on Kruskal-
Wallis tests (Appendix S1: Fig. S5), redundancy
analyses in the variable selection step (VSURF
package) retained these variables, indicating that
they contained independent information from
glaciation regime.
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Fig. 6. Boxplots of the geophysical predictors of the integrated freshwater clusters. Boxplots represent the

standardized distributions of geophysical variables among the integrated freshwater Hydrologic Unit 8 clusters
(A-E). Geophysical variables were the top predictors of the integrated freshwater clusters in random forest
analyses and are grouped as hydrology and climate, topography and geology, and land use. Values were
standardized by subtracting the mean and dividing by the standard deviation. The solid gray line represents the
mean, and the dashed lines represent +1 standard deviation above or below the mean. There were overall
significant differences in hydrology, climate, topography, geology and land-use values among the clusters based

on Kruskal-Wallis tests (a0 < 0.05).

DiscussioN

We present a synthetic view of the integrated
freshwater landscape. Our analyses of lakes, wet-
lands, and streams illustrate patterns and diversity
of freshwater systems and surface connectivity at
macroscales. We found four important results. (1)
Abundance of lakes and wetlands exhibit spatial
patterns that are opposite from stream density
and that mostly follow glaciation extent bound-
aries. Lake and wetland abundance is higher in
glaciated areas compared to unglaciated areas,
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whereas stream density is lower in glaciated areas
compared to unglaciated areas. (2) We found
distinct, broad-scale patterns among lake, wet-
land, and stream connectivity that reveal a layer of
complexity that abundance measures alone did
not capture, suggesting that freshwater abundance
and connectivity may be influenced by different
underlying processes. (3) There were spatially
contiguous patterns in abundance and connectiv-
ity measures across all three freshwater system
types (i.e., lakes, wetlands, and streams). (4) These
patterns in abundance and connectivity were
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associated with underlying hydrogeomorphic, cli-
mate, and land-use variables. We have illustrated
a robust approach to quantitatively measure fresh-
water abundance and connectivity that can be
incorporated into models at macroscales. These
results can inform both fundamental and applied
scientific questions to better understand and man-
age freshwater systems.

The freshwater landscape: lake, wetland, and
stream abundance and connectivity

The freshwater abundance and connectivity
analyses presented here provide a broad-scale,
integrated picture of the freshwater landscape.
The patterns and distributions of the integrated
freshwater landscape (Figs. 3, 4) can inform
empirical and applied sciences alike. While it is
common for freshwater systems to be studied in
isolation within disciplinary boundaries, it is
becoming widely recognized that systems need to
be studied together and that their hydrologic con-
nections are important to ecosystem attributes
and processes. Our analyses further our under-
standing of the freshwater landscape by incorpo-
rating freshwater surface connections into a
macroscale framework. By ignoring freshwater
connectivity, we lose information on structural
attributes of freshwater systems that can be critical
to key ecological processes. These connections are
important to advance understanding in biogeo-
chemistry (Strayer et al. 2003, Fisher et al. 2004,
Racchetti et al. 2010), aquatic population and
community dynamics (Crump et al. 2007), and to
more accurately incorporate freshwater systems in
regional and global carbon and nutrient budgets
(Cardille et al. 2007, Butman et al. 2016).

Freshwater abundance estimates at regional
and global extents have been conducted on lakes,
wetlands, and streams separately through inven-
tories (Lehner and Doll 2004, McDonald et al.
2012, Verpoorter et al. 2014) or extrapolation
methods using size-distribution scaling laws
(Meybeck 1995, Downing et al. 2006, 2012). Our
results were in agreement with the spatial pat-
terns and range of values reported in the fresh-
water abundance literature. Mean lake areal
percentages estimated at the HU12 spatial unit
were 2.2% in glaciated areas and 0.5% in ungla-
ciated areas in comparison with estimates for the
entire United States described by Meybeck (1995;
2.8% in glaciated areas and 0.09% in unglaciated
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areas). Mean wetland areal percent estimated at
the HU12 was 7.8%, slightly larger than total
wetland area (including freshwater, estuarine,
and marine systems) estimate for the contermi-
nous United States of 5.5% (Dahl 2006); but our
study extent did not include arid and mountain-
ous regions, which would likely lower wetland
abundance estimates. We also found that fresh-
water abundance patterns generally followed the
Wisconsin glaciation boundary but with inverse
patterns for lakes and wetlands compared to
streams. Other studies support that lake abun-
dance (for lakes >1 km?) is greater in glaciated
areas compared to unglaciated areas (Meybeck
1995, Lehner and Doll 2004), but distributions in
relation to glaciation regime have not been
explicitly examined for wetlands and streams.

In addition to abundance estimates, we
observed general freshwater connectivity patterns
that are supported by previous studies conducted
at other scales. Isolated and Upland-Embedded
lakes and wetlands tended to be smaller in size
(median size 0.001 and 0.0001 km?, respectively)
compared to Drainage lakes and wetlands
(median size 0.002 and 0.0004 km?, respectively)
in the spatial extent. In fact, there is an increasing
probability of a wetland being geographically iso-
lated from surface connections with decreasing
patch size (Cohen et al. 2016). The association
between freshwater connectivity characteristics
and water body size suggests that freshwater con-
nectivity types may follow size-frequency scaling
distributions, similar to lake abundance trends
(Downing et al. 2006), to some degree, which
could aid in extrapolation methods to estimate
connectivity at macroscales.

In addition, we found that Low-order (first—
third) streams dominated total stream length
(88%) in the study extent, and the proportion of
stream length declined with increasing stream
order with Mid-order streams making up 11%
and High-order streams making 1% of the total
stream length. These trends support global and
regional stream density estimates that indicate
that lower-order streams have the greatest num-
ber of stream segments and make up the most
total stream length (Rodriguez-Iturbe et al. 1994,
Butman and Raymond 2011, Downing et al.
2012). Understanding stream network patterns
are critical to upscale freshwater processes to
broad extents because stream network structure
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can influence biogeochemical processes (Fisher
et al. 2004) such as CO, dynamics (Humborg
et al. 2010).

Other studies have characterized hydrologic
settings at broad spatial extents as we have done
here, but they did not explicitly use freshwater
surface features, nor connectivity characteristics
as data inputs. Hydrologic regions delineated
within the United States were based on well-
understood topography, geology, and climate
characteristics and were designed to identify simi-
lar hydrologic settings for surface waters and
groundwaters in the landscape (Winter 2001,
Wolock et al. 2004). The objective of these hydro-
logic regions was to identify combinations of
topographic, geologic, and climatic conditions
that interact to affect hydrologic systems in the
landscape; the predictors best describing connec-
tivity reflect those used to develop hydrologic
regions. Our study differed from the deductive
approach used by Wolock et al. (2004) in that we
used an inductive approach based on freshwater
metrics rather than land- and climate-based pre-
dictors to examine spatial patterns in connectivity.
Our approach complements these other hydro-
logic studies in that we provide a framework to
study the macroscale patterns of freshwater sys-
tems and their connectivity by directly using data
on lakes, wetlands, and streams as inputs in the
analyses. With this framework, we can visualize
where freshwater systems and connectivity attri-
butes are located on the landscape and how they
may interact with other geospatial features to
affect ecological attributes and processes.

Geospatial associations with the freshwater
landscape

Freshwater composition and connectivity char-
acteristics in the landscape are shaped by a suite
of drivers that influence landform (past geologic
activity, topographic relief), water source (climate
and hydrology), permeability of substrate to hold
water (surficial geology), and by human modifi-
cations (e.g., land-use activities) that can affect all
of the above. Our analysis identified hydrogeo-
morphic, climate, and land-use variables that
may be related to these different drivers. It is
expected that several of these landscape features
are spatially correlated with one another, which
makes it challenging to identify individual dri-
vers of freshwater abundance and connectivity
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patterns. However, the variables have unique
information from one another, support hypothe-
sized relationships from the literature, and pro-
vide insight into the broad-scale variables that
affect the freshwater landscape. Glaciation regime
was one of the top predictors of the integrated
freshwater clusters. The most recent glacial per-
iod (Wisconsin stage) scoured the landscape to
create depressions and sedimentary deposits, and
glaciated areas are associated with increased lake
and wetland abundance (Meybeck 1995, Winter
2000, Lehner and Doll 2004). With over half of
our study extent being glaciated (59%), it was
expected that glaciation regime would be signifi-
cantly related to patterns in the freshwater land-
scape and associated with increased lake and
wetland abundance.

However, glaciation was not an exclusive dri-
ver of the freshwater landscape. Within glaciated
areas, there can be a great deal of variability in
the abundance and types of freshwater bodies
present due to differences in rock type and relief
(Meybeck 1995, Winter 2000). In our study
extent, surficial geology was important to predict
freshwater clusters and indicated past geologic
activity and current hydrologic conditions. High
glacial fluvial outwash deposits were associated
with lake- and wetland-rich areas. This substrate
is composed of sediment, sand, and gravel
deposits from past glacial activity and is associ-
ated with modern groundwater aquifers. Stream-
rich areas had high alluvial deposits (clay, silt,
sand, and gravel) associated with past geomor-
phic processes, and the permeability of these
geologic materials can influence surface and sub-
surface water exchange (Winter 2000, Fisher
et al. 2004) and shape the freshwater landscape.
We also found that hydrologic variables were
associated with the integrated freshwater clus-
ters—with lake- and wetland-rich areas tending
to have higher runoff and baseflow compared to
stream-rich areas. These variables can be indica-
tors of surface and groundwater sources to fresh-
water systems. Climate variables were also
associated with the freshwater landscape: Mean
precipitation was significantly higher in areas
with high stream densities (Clusters A and B)
compared to areas with low stream densities
(Clusters C and E; Fig. 6; Appendix S1: Table S6).
This trend was also observed at a global scale
where a positive correlation between stream
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abundance and precipitation was observed
(Raymond et al. 2013).

Finally, we found an association between the
human land use in the HU8 and the integrated
freshwater cluster groups. Stream-rich clusters
were associated with higher proportions of mean
agriculture compared to lake- and wetland-rich
areas (Fig. 6; Appendix S1: Table S6). Agricul-
tural activity can directly modify the freshwater
landscape by diverting or extracting water, creat-
ing impoundments, and draining wetlands
(Smith et al. 2002, Wright and Wimberly 2013)
and may preferentially remove geographically
isolated (e.g., Upland-Embedded) systems
(Cohen et al. 2016, Rains et al. 2016). However,
agriculture may be correlated with other vari-
ables such as topography and soil composition
that may influence freshwater abundance and
connectivity attributes.

The hydrogeomorphic, climate, and land-use
variables identified in the analyses may be indi-
cators of the diverse drivers that shape freshwa-
ter composition and connectivity characteristics
across the landscape. At macroscales, past geo-
logical activity (i.e., glacial and fluvial processes)
is a key broad-scale driver that affects the pres-
ence of freshwater systems with hydrologic, geo-
logic, and human land-use activity influencing
smaller-scale variability in freshwater character-
istics including connectivity across regions. It
should be noted that our objectives were to iden-
tify potential geographic variables that may be
associated with freshwater abundance and con-
nectivity characteristics. The associations do not
imply causative relationships but rather highlight
potential variables to examine in greater depth,
at finer spatial scales in relation to the freshwater
landscape, particularly in the face of global
change in the coming decades and centuries.

Future needs for freshwater metric developments
Our freshwater connectivity metrics are sim-
plified representations of the spatial configura-
tion of freshwater systems in the landscape and
thus do not capture all aspects of freshwater con-
nectivity. In particular, data are lacking on
groundwater, reservoirs, and dams at broad geo-
graphic extents. Also, the metrics are only as
good as the resolution and accuracy of the origi-
nal data layers, and our metrics do not capture
temporal changes in freshwater connectivity.
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Surface hydrologic connectivity is a spatial char-
acteristic, but the magnitude and presence of
these connections are dynamic through time
based on seasonal changes in climate and hydrol-
ogy. This is especially true for upland-embedded
wetlands and intermittent and ephemeral
streams. These systems lack persistent surface
water connections producing conditions that sup-
port unique biogeochemical and biological func-
tions (Larned et al. 2010, Datry et al. 2014, Cohen
et al. 2016, Rains et al. 2016). But isolated and
ephemeral systems are being modified and lost at
high rates due to land-use activities and climate
change, and thus, there is a clear need to assess
what is currently present (Larned et al. 2010,
Rains et al. 2016). Our metrics are based on snap-
shots of surface water features represented in the
NHD and NWI that are based on remotely sensed
imagery, and thus lack information on connectiv-
ity changes over time. Temporal changes in con-
nectivity could be assessed by incorporating
land-cover data measured at other time periods
(Pekel et al. 2016) or perhaps modeling hydro-
logic flow dynamics using topographic and other
geographic data layers, but such analysis is
beyond the scope of the current study.

Our freshwater connectivity metrics represent
the complex surface hydrologic network that
links lakes, wetlands, and streams and moder-
ates the flow of water, materials, nutrients, and
organisms across the landscape. These metrics
are relatively easy to calculate using widely
available geospatial data and can be applied at
spatial scales aligned with disturbance assess-
ment and management. This study is one of the
first attempts at measuring freshwater connectiv-
ity at broad scales and we expect our ability to
do so will improve in the future as the under-
lying data improve (e.g., spatial and temporal
resolution) and as new methods are developed
to measure abundance and connectivity.

Implications for an integrated freshwater
perspective

While the objectives of our analyses were to
examine the distribution and diversity of fresh-
water abundance and connectivity and how
landscape setting was related to these patterns,
our freshwater clusters provide a framework in
which connectivity attributes can be integrated
into macroscale studies. Freshwater connectivity
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characteristics can have important implications
for management and conservation because they
play an integral role in physical, chemical, and
biological integrity of freshwater ecosystems
(Pringle 2001, 2003). Because of this, connectivity
characteristics have been used as criteria to deter-
mine which water bodies are given protection
under the U.S. Clean Water Act (Leibowitz et al.
2008). These connections can sustain hydrologic
and biogeochemical conditions and support
metapopulation dynamics. But, they also can
impair ecosystems by transporting nutrients,
contaminants, and spreading non-native species
(Pringle 2001, Rahel 2007), which can have
broad-scale regional consequences to down-
stream receiving water bodies (Freeman et al.
2007). Our integrated freshwater landscape clus-
ters capture differences in lake, wetland, and
stream connectivity attributes across a macro-
extent, and these clusters may also be related to
differences in freshwater response such as nutri-
ent transport processes or aquatic community
composition. For example, landscape clusters
with high proportions of lakes connected to
upstream lakes (i.e.,, lake chains) may show a
stronger spatial coherence in indices of water
quality to regional changes in the landscape, or
may have different species richness and diversity
characteristics compared to clusters with less
connected lake systems. This information could
inform conservation and management strategies
conducted at broad spatial scales. However,
there is a need to evaluate the ecological rele-
vancy of the integrated clusters by applying
them to macroscale studies.

Further, there is growing recognition that
upland-embedded and non-perennial systems,
not just connected systems, can affect ecological
integrity of downstream waters (U.S. EPA 2015).
These systems may be considered isolated from
persistent surface waters but can be connected to
hydrologic networks through subsurface or over-
land flow and thus provide many of the ecosys-
tem services that are associated with connected
systems (Cohen et al. 2016, Rains et al. 2016).
Without characterization of the distribution of
geographically isolated systems at macroscales,
we have poor understanding of the regional
landscape context in which these systems oper-
ate, which can impede conservation and manage-
ment actions to protect these vulnerable systems.
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A macroscale perspective is warranted to study
the patterns of the freshwater landscape at scales
that are aligned with some of the leading distur-
bances to freshwater systems. Broad-scale distur-
bances such as land-use conversion and climate
change threaten the integrity and function of the
freshwater landscape by altering freshwater struc-
tural attributes. Urbanization and agricultural
land use physically alter the size, shape, and con-
nectivity characteristics of freshwater systems
through water extraction and diversion, stream
channelization, impoundment and burial of head-
water bodies, wetland drainage, and altered flow
regimes through dam and reservoir construction
(Zedler and Kercher 2005, Freeman et al. 2007,
Vorosmarty et al. 2010, Carpenter et al. 2011,
Steele and Heffernan 2014, Van Meter and Basu
2015). In addition, changes in temperature and
precipitation patterns associated with climate
change are likely to impact freshwater systems
and connectivity characteristics. Because the inte-
grated freshwater landscape framework we devel-
oped here accounts for spatial variation in
connectivity as well as density, it has the potential
to contribute toward improved assessment of
ecosystem integrity from disturbances and can
help inform appropriate management actions nec-
essary to maintain ecosystem services provided
by our lakes, wetlands, and streams.
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