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SUMMARY
1. Quantifying lake biogeochemical processing at broad spatial scales requires that we scale processes
along with physical metrics. Past work has primarily scaled lentic processes using estimates of lake
surface area. However, many processes important to lakes, such as material, energy and biological
fluxes and biogeochemical cycling, scale with lake perimeter.
2. We estimate the total lake perimeter for the contiguous United States (U.S.) and examine the
sensitivity of this estimate to measurement resolution. At the original mapping resolution, lakes in
the contiguous U.S. have a total perimeter of over 1.8 million km.
3. The change in measured perimeter versus measurement resolution for the contiguous U.S. had a
log-log slope (also known as the fractal dimension) of 0.21, generally less than previously reported
estimates. With changing observation resolution, total measured perimeter was most sensitive to the
inclusion or exclusion of small lakes, not shoreline complexity.
4. The total aquatic–terrestrial interface in lakes is less than one-tenth that of streams and rivers,
which collectively account for over 21 million km of shoreline in the contiguous U.S. This study
further describes the distribution of lake perimeter and proposes a technique that can contribute to
understanding continental-scale processes.
Keywords: global limnology, lake morphology, lakes, littoral zone, terrestrial–aquatic interface

Introduction
Despite estimates that suggest lakes comprise only a
small fraction of the Earth’s surface relative to terrestrial
and ocean environments (between 2 and 4% of total terrestrial surface area; Kalff, 2002; Downing et al., 2006),
they play a significant role in the global carbon cycle
(Dean & Gorham, 1998; Lewis, 2011). However, quantifying aquatic processes at continental and global scales
is inherently difficult because few fluxes into and out of
lakes can be directly observed (Battin et al., 2009). For
lakes, measurements from a relatively small number of
systems have been upscaled to regions using lake surface area as a scalar for inferring large-scale fluxes and
process (Tranvik et al., 2009; Lewis, 2011). While area is
an appropriate scalar for many processes, other processes, such as those dependent upon connectivity to

terrestrial systems, may benefit from scaling with lake
perimeter.
Many important material fluxes and ecosystem processes occur at or near the perimeter of lakes. For example, terrestrial organic carbon subsidises high rates of
secondary production in littoral zones (Hershey et al.,
2006; Francis & Schindler, 2009) and may provide substantial organic substrates to pelagic consumers, such as
zooplankton, especially in small lakes (Cole et al., 2011).
Allochthonous subsidies that occur at the lake ecosystem
interface, such as leaf litter input, have been recognised
to scale with lake perimeter (Gasith & Hasler, 1976;
Preston et al., 2008).
Areas immediately adjacent to the perimeter, namely
the littoral and riparian zones, are also important sites
for biological activity and biogeochemical processing.
Littoral zones are often hot spots of methane and nitrous

Correspondence: Luke A. Winslow, Center for Limnology, University of Wisconsin - Madison, 680 N. Park Street, Madison, WI 53706,
U.S.A. E-mail: lawinslow@wisc.edu
© 2013 John Wiley & Sons Ltd

213

214

L. A. Winslow et al.

oxide emissions (Wang et al., 2006; Bergstr€
om et al.,
2007), as well as benthic primary productivity (Vadeboncoeur et al., 2008). In large lakes, 93% of species inhabit shallow, nearshore littoral zones (Vadeboncoeur,
McIntyre & Vander Zanden, 2011). The importance of
nearshore littoral habitat is also apparent in links
between decreased abundance of coarse woody debris
and a decreased yellow perch density (Helmus & Sass,
2008) and fish production capacity (Schindler, Geib &
Williams, 2000). Perhaps because of the importance of
littoral habitat, shoreline development factor (SDF; Kalff,
2001), a metric of shoreline complexity, has been a
useful correlate of fish density and diversity (Drake &
Pereira, 2002; Scheuerell & Schindler, 2004; Guy &
Willis, 2011). These examples are a partial representation
of the work examining phenomena at the lakeshore,
which has long been known to be important to ecosystem function (Wetzel, 1990; Schindler & Scheuerell, 2002;
McClain et al., 2003; Strayer & Findlay, 2010).
Recent work showing that aquatic–terrestrial boundaries are critical interfaces between ecosystems and
that lakes are hot spots for material flux and processing in the landscape (Williamson et al., 2008; Karlsson
et al., 2010; Buffam et al., 2011) suggests that focusing
on the aquatic–terrestrial boundary may provide a useful approach to scaling. Advancing our understanding
of the roles lakes play in the broader landscape
requires that we better quantify littoral and perimeter
extents and gain further understanding of the uncertainties of these estimates. Examining the spatially
explicit distribution of total lake perimeter, in addition
to lake area, could highlight different regional characteristics of lakes compared with examining lake area
alone.
To quantify the fluxes and processes at the aquatic–
terrestrial boundary at broad spatial scales, we first
need to quantify the extent of interface and examine
the sources and implications of uncertainties in those
estimates. Part of the uncertainty in lake perimeter
derives from the fractal nature of lake shoreline (Mandelbrot, 1979; Kent & Wong, 1982). The measured
perimeter of a fractal shoreline does not converge with
increasing measurement resolution. Under a fractal paradigm, a lake cannot be said to have a specific perimeter measurement that is absolute; rather, it has an
observed perimeter that varies with measurement resolution. Despite this, observed perimeter has proven useful directly and as a component in SDF calculations in
multiple studies (Drake & Pereira, 2002; Scheuerell &
Schindler, 2004; Guy & Willis, 2011). These studies suggest that perimeter observations, when measured at

similar resolutions, are comparable and convey useful
ecological information despite being sensitive to measurement resolution.
In this study, we explore the distribution and total
length of lake perimeter for a geographically extensive
data set with consistent resolution covering the contiguous United States (U.S.). We examine how lake perimeter can be quantified at large scales and how its spatial
distribution differs from the spatial distribution of lake
surface area. We use the U.S. Geological Survey’s
(USGS) National Hydrography Dataset to estimate the
total length of the land–water interface contributed by
lakes in the U.S. and then compare different perimeter
estimation techniques to address the following questions: What is the total U.S. lake perimeter and how is
it spatially distributed? How does the extent of lake
shoreline compare with that of rivers and streams?
How sensitive is our estimate of perimeter to measurement resolution? What are the implications for our
understanding of lake SDF? By answering these questions, we can begin to better understand the importance
of lakes at the interface with their adjacent ecosystems
and how that scales to broad spatial extents.

Methods
The data set examined was the USGS National Hydrography Dataset (retrieved January 2012, http://nhd.usgs.
gov). This combines multiple surveys through time, using
the resulting high-resolution USGS topographical maps
to delineate aquatic boundaries (Simley & Carswell,
2009). While a variety of resolutions are available, only
1 : 24 000 was used in this analysis. The data set covers
the area of all 48 U.S. contiguous states, including
Washington D.C. Because they are not completely
contained within the U.S., we chose to exclude the
Laurentian Great Lakes for this analysis.
We extracted all lake, reservoir and pond polygons
from the GIS data set. Because the data set does not distinguish between artificial or natural lakes and ponds,
no distinction was made for this analysis, and all waterbodies hereafter are collectively referred to as lakes. The
elevation component of these polygons was removed
using ArcGIS (ESRI ArcGIS v10.1; ESRI, Redlands, CA,
U.S.A). For simplicity, all island data were excluded
from the results presented here, although we discuss the
small resulting bias. Duplicate polygons were identified
and removed using the permanent identifier field
included with the data. All calculations were completed
using the MathWorks Mapping Toolbox (v2010b;
MathWorks, Natick, MA, U.S.A), which adds geographi© 2013 John Wiley & Sons Ltd, Freshwater Biology, 59, 213–223
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cal information functionality to MATLAB. A single-point
location for each lake was defined as the centroid of the
lake boundary polygon.
To examine perimeter while considering the issue of a
fractal lake perimeter, we estimated perimeter using two
complexity-insensitive and repeatable techniques. First, a
theoretical minimum perimeter (Pmin) was established
by calculating the perimeter of a circle with the same
area as each lake using:
Pmin ¼ 2ðpAÞ1=2

ð1Þ

where A is the total area of the individual lake (Kalff,
2001). This represents the absolute minimum perimeter,
on a flat plane, required to encompass a given area
(spherical coordinates could reduce Pmin further, though
for the size scale of lakes examined here, the difference
is negligible). Second, a resolution-specific perimeter
was calculated using a simple yardstick method based
on Mandelbrot (1979). With this method, a fixed-length
line segment was progressively ‘walked’ along the polygon until reaching the start point (Fig. 1). This simulated
a perimeter estimate at specific and adjustable mapping
resolutions. The yardstick length was varied across a
range of values (25–1600 m) to examine the sensitivity of
the perimeter estimate to measurement resolution. To

Fig. 1 Yardstick method for calculating the perimeter of a fractal
shoreline. The ‘yardstick’ (black) as it is walked along the polygon
(grey). This example is part of the Lake Mendota (Wisconsin) polygon and uses a yardstick length of 200 m.
© 2013 John Wiley & Sons Ltd, Freshwater Biology, 59, 213–223
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compare the sensitivity of perimeter estimate with previous studies, the slope of the relationship between logperimeter and log-yardstick length was calculated using
least-squares regression, based on Kent & Wong (1982).
Lastly, we calculated the maximum-observed perimeter
of each polygon (Pobs) using the full-resolution data and
summing the lengths of each polygon segment. Shoreline development factor (SDF) was calculated using the
equation:
SDF ¼

P
2ðApÞ1=2

2

where A is area and P is perimeter. The perimeter measurement technique used in SDF calculations (Pobs or the
yardstick method) is indicated where discussed. Calculations of perimeters, area and centroid were fast for any
single polygon, but because of the high number of lakes
and high polygon resolution, calculations became computationally intensive. This and other geostatistical calculations were accelerated using a computer cluster.
HTCondor software (Thain, Tannenbaum & Livny, 2005)
was used to distribute this task.
The extents of stream and river shorelines were calculated from the National Hydrography Dataset using the
same technique as the fractal-na€ıve perimeter (Pobs).
Only features classified with a type of stream/river
(USGS Feature no. 460) were included. This feature type
includes intermittent, ephemeral and perennial streams
and rivers, but excludes features such as underground
streams and canals. The shoreline length of small
streams, represented in the data set by polyline objects,
was estimated as the length of the lines doubled to
account for both sides of the stream. The shoreline of
larger rivers, which are stored in the data set as polygons, was calculated directly as the observed perimeter
of the polygons (Pobs) on the WGS84 datum.
Maps of lake abundance (number km2), area (per
cent cover) and shoreline density (m km2) were created
by dividing the area of the U.S. into equal-area cells (cell
size: 50 km2). Each lake’s attributes were assigned to a
cell based on its unique single-point location, and statistics were calculated for lake density and per cent cover
in each cell. Where a lake’s area exceeded that of a single cell, the full lake shape was split into overlapping
cells based on the amount of overlapping area. Cumulative distributions of lake number, area and perimeter as
a function of lake area were used to evaluate general
attributes of the entire U.S. lake population.
To aid future work in this area, we have released useful derived data sets on the Web. While the data are
freely available from the USGS, the National Hydrogra-
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phy Dataset’s large size makes analyses challenging. To
encourage additional research in this area, we have
released the extracted perimeter data set. It is available
at the data repository hosted by the North Temperate
Lakes Long-Term Ecological Research website at http://
lter.limnology.wisc.edu.

Results
Applying no size cutoff beyond the underlying sampling
resolution (c. 0.07 hectares; McDonald et al., 2012), the
data set contained 5 800 000 lakes distributed over
8 000 000 km2 of contiguous U.S. land area. Between

(a)

(b)

(c)

Fig. 2 Maps of (a) areal distribution of lake shoreline (shoreline m km2), (b) lake density (# lakes km2) and (c) per cent of area covered
by lakes (% lake cover).
© 2013 John Wiley & Sons Ltd, Freshwater Biology, 59, 213–223
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Table 1 Summary statistics of lake number, area, per cent water cover, density and total shoreline length for the United States and individual states
Perimeter

Area

State name

Lake (#)

Total (km)

Median (m)

Total (km2)

Median (m2)

Per cent
water

TOTAL
Alabama
Arizona
Arkansas
California
Colorado
Connecticut
Delaware
Florida
Georgia
Idaho
Illinois
Indiana
Iowa
Kansas
Kentucky
Louisiana
Maine
Maryland
Massachusetts
Michigan
Minnesota
Mississippi
Missouri
Montana
Nebraska
Nevada
New Hampshire
New Jersey
New Mexico
New York
North Carolina
North Dakota
Ohio
Oklahoma
Oregon
Pennsylvania
Rhode Island
South Carolina
South Dakota
Tennessee
Texas
Utah
Vermont
Virginia
Washington
West Virginia
Wisconsin
Wyoming

5 819 000
96 000
37 000
176 000
91 000
112 000
20 000
9000
205 000
129 000
35 000
157 000
95 000
115 000
231 000
190 000
178 000
31 000
37 000
27 000
45 000
127 000
253 000
330 000
126 000
117 000
14 000
16 000
33 000
71 000
81 000
94 000
176 000
99 000
387 000
59 000
93 000
4000
46 000
150 000
126 000
998 000
42 000
12 000
78 000
45 000
29 000
83 000
91 000

1 883 000
41 000
10 000
54 000
42 000
27 000
6000
3000
93 000
61 000
12 000
48 000
25 000
27 000
51 000
38 000
92 000
23 000
10 000
11 000
36 000
77 000
68 000
67 000
51 000
39 000
9000
7000
13 000
18 000
34 000
32 000
74 000
25 000
88 000
21 000
22 000
1000
21 000
62 000
37 000
243 000
17 000
3000
24 000
19 000
6000
42 000
28 000

155
191
154
135
183
144
142
176
236
294
137
153
143
145
149
125
192
181
157
157
342
176
154
121
209
201
144
166
189
157
163
189
246
149
138
134
140
159
230
208
119
139
130
135
161
174
121
185
163

132 995
2648
596
2827
6050
1203
290
114
7368
2986
1915
1,603
819
759
1495
1161
10 130
4015
355
686
5403
11 181
2255
2157
3849
1272
2137
785
509
894
4324
1721
4697
842
3775
2598
827
102
1765
4218
2757
10 909
6895
265
936
2120
167
4300
2027

1410
2080
1460
1160
1810
1250
1140
1580
2910
4610
1110
1350
1210
1280
1340
1010
1910
1660
1410
1390
5150
1870
1450
970
2160
2000
1220
1470
1780
1510
1490
1900
3330
1270
1200
1060
1170
1420
2680
2220
920
1150
1050
1080
1470
1640
900
1730
1500

1.65
1.95
0.20
2.05
1.43
0.45
2.02
1.77
4.33
1.94
0.88
1.07
0.87
0.52
0.70
1.11
7.47
4.38
3.69
2.51
2.16
4.97
1.80
1.19
1.01
0.63
0.75
3.24
2.25
0.28
3.06
1.23
2.57
0.73
2.09
1.02
0.69
2.56
2.13
2.11
2.53
1.57
3.14
1.07
0.84
1.15
0.27
2.53
0.80

quantification techniques, total perimeter estimates ranged from 1 200 000 (Pmin) to 1 880 000 km (Pobs). Including the shoreline of islands increased Pobs by 3% to
1 940 000 km. Due to their small contribution, islands
© 2013 John Wiley & Sons Ltd, Freshwater Biology, 59, 213–223

Lake density
(# km2)

Shoreline
density
(m km2)

0.72
0.71
0.13
1.28
0.22
0.42
1.42
1.51
1.2
0.84
0.17
1.05
1.01
0.79
1.09
1.82
1.31
0.35
3.89
0.99
0.18
0.57
2.02
1.83
0.33
0.58
0.05
0.66
1.48
0.23
0.58
0.68
0.96
0.86
2.14
0.23
0.78
1.12
0.56
0.76
1.16
1.44
0.19
0.5
0.71
0.25
0.47
0.49
0.36

234
305
37
393
99
103
445
544
550
399
59
320
275
189
242
367
684
261
1119
408
144
343
543
373
134
198
32
322
602
59
245
232
408
220
486
83
190
468
262
312
342
350
81
160
225
105
98
251
111

were excluded for subsequent analyses to simplify calculations. Applying minimum surface area cutoffs of 0.1
and 1 ha reduced Pobs to c. 1 700 000 and 900 000 km,
respectively. Lakes below 1 ha (often used as the cutoff
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Fig. 3 The relative contribution of each size class to total area, Pobs and Pmin, based on non-extrapolated USGS data.

Fig. 4 The sensitivity of total shoreline length to the yardstick
length used.

for ‘small’ lakes) accounted for only 7.8% of the total
lake area, but represented 23.6% of the total lake shoreline (Pobs). Although the Laurentian Great Lakes were
not included in this study, their inclusion would represent a minor increase of between 1 and 2% to total lake
shoreline of U.S. contiguous states.
Perennial rivers and streams had a combined shoreline length of 5 810 000 km. Ephemeral and intermittent
streams and rivers had shoreline length totalling

Fig. 5 The sensitivity of total perimeter to measurement resolution
across all lake size classes. Yardstick length indicated by line colour.

15 560 000 km. Combined, all rivers and streams in U.S.
contiguous states had over 21 370 000 km of shoreline.
Lakes were unevenly distributed across the contiguous U.S., with distinct differences in patterns for shoreline, abundance and surface area (Fig. 2). Lake
abundances (number km2) were highest in the southeastern Great Plains, in the highlands between the lower
Mississippi and Alabama/Tombigbee River Valleys and
in the Ohio River Valley region (Fig. 2b). The spatial
pattern for lakeshore distribution appeared similar to
© 2013 John Wiley & Sons Ltd, Freshwater Biology, 59, 213–223
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Fig. 6 Comparison of sensitivity of the perimeter estimate to
measurement resolution of only those size bins that lose no lakes
across all yardstick lengths (lakes 9.8 km2 and larger). The legend
indicates the lower bound of each lake-size bin.

that of abundance, but suggests an even greater extent
of regions with high shoreline density (Fig. 2a). Classically identified lake districts (Upper Midwest, Northeast) did not have notably high lake abundances at the
continental scale, but were shoreline-rich and area-rich
(Fig. 2a,c). Topography and aridity had clear influences
on lake distribution, as low-gradient regions in the Eastern U.S. were lake-rich, while the Colorado plateau and
Great Basin regions in the west were comparably lakepoor. While state boundaries have little ecological or
geological significance, they are the spatial units at
which much of policy and management is enacted. To
that end, we included a state-by-state breakdown of
lakes and their characteristics (Table 1). Texas had the
highest number of lakes (998 000), resulting primarily
from its large size and, to a lesser degree, from its above
average lake density (1.44 lakes km2). Of all states,
Louisiana had the highest surface area covered by lakes
(7.5%). Maryland and Nevada represented the extremes
of lake density with 3.9 and 0.05 lakes km2, respectively, and Maryland’s high density of lakes was also
associated with the highest Pobs density at 1100 m km2.
Small lakes made a disproportionally large contribution of shoreline length to the overall distribution,
© 2013 John Wiley & Sons Ltd, Freshwater Biology, 59, 213–223
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regardless of measurement technique. The size distribution of Pobs and Pmin (the two extremes) differed, with
Pobs having slightly more skew towards large size
classes compared with Pmin (Fig. 3). The difference
between the distributions of Pobs and Pmin is a function
of differences in average shoreline development factor
(SDF) across lake size classes, because it is defined as
the ratio between the two perimeters (SDF = Pobs/Pmin).
Lakes larger than 1 km2 had a median SDF of 2.3, while
lakes smaller than 1 km2 had median SDF of 1.14.
Lastly, the contribution of different lake size classes to
total lake area was skewed towards the larger lakes,
though the distribution was somewhat even across size
classes larger than 0.01 km2.
Total perimeter of the lake population decreased with
increasing yardstick length (Fig. 4) with a linear slope
between log-yardstick length and log-perimeter (also
known as the fractal dimension) of 0.62. Much of the
sensitivity of total perimeter to yardstick length was due
to the loss of small lakes when the yardstick became too
long to be contained even once in the lake polygon
(Fig. 5). To exclude sensitivity due to the loss of small
lakes, the population of larger lakes was examined. A
subpopulation of the data set was chosen based on the
coarsest yardstick resolution (3200 m), so the lakes would
be comparable across the full range of yardstick lengths.
In the lake-size bins in which no lakes were excluded due
to yardstick length, sensitivity to resolution had an average log-perimeter, log-yardstick length slope of 0.2, less
than the entire population’s sensitivity (Fig. 6).

Discussion
While the distribution of total lake surface in the U.S. is
skewed towards larger lakes (McDonald et al., 2012), lake
perimeter is strongly skewed towards small lakes, with
lakes smaller than 1 hectare contributing almost 23% to
Pobs. This indicates that processes that scale with total
perimeter or occur primarily in the littoral or riparian
zone may, at a lake-population level, be skewed strongly
towards small lakes and ponds. This skew towards smaller lakes has further implications. Although previous
work found that the fraction of total surface area contributed by lake size classes increases with decreasing size
(Downing et al., 2006), a more recent analysis of a data
set including a greater lake size range found that small
lakes in the U.S. contribute a decreasing fraction to total
surface area (McDonald et al., 2012). Regardless of the
relative contribution of small versus large lakes to total
area, both studies reported similar estimates of total area.
In contrast, our estimates of perimeter have higher uncer-
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tainty because of the importance of small lakes in the
perimeter distribution, and small lakes are more difficult
to quantify at broad spatial scales.
Calculating Pmin from the perimeter of an equal area
circle provides a useful lower boundary for perimeter
estimates. The absolute minimum perimeter possible for
lakes in the U.S. contiguous states, Pmin (1 200 000 km),
was c. 36% less than Pobs. Differences between Pobs and
Pmin are sensitive to the mapping resolution used, and
future estimates would probably increase when higher
resolution mapping products are used. Despite sensitivity to resolution, most estimates of lake perimeter in
previous studies (e.g. Kent & Wong, 1982; Riera et al.,
2000; Sharma & Byrne, 2011) were measured using maps
at similar or coarser resolutions than this study,
meaning their perimeter estimates would fall between
Pobs and Pmin presented here.
The difference between the distributions of Pmin and
Pobs across lake area is indicative of a bias in observed
shoreline development factor (SDF) as a function of lake
size. This is more apparent if eqn. 2 is rewritten as:
SDF ¼

Pobs
Pmin

ð3Þ

If average SDF were constant across lake sizes, Pobs and
Pmin would have similar distributions across lake size.
Any difference in how Pmin and Pobs are distributed across
lake size must indicate a shift in average SDF. In lakes of
the U.S. contiguous states, the contribution to total Pobs is
higher in large lakes than would be predicted if there
were a constant SDF across sizes. This means that on average, large lakes have higher observed SDFs than smaller
lakes. This result is also apparent if the population is split
and compared, as lakes smaller than and larger than
1 km2 have median SDFs of 1.1 and 2.3, respectively.
While a positive trend in SDF across lake sizes has
been observed previously (Hanson et al., 2007), it is
unclear whether the trend represents a fundamental
change in the morphology of lake shoreline or is simply
a product of fixed mapping resolution applied to a large
size range of lakes. The fixed mapping resolution could
result in a smaller lake always presenting a lower
observed SDF than a larger lake, even if their geometries
were identical, scaled copies. For example, if a large
lake’s perimeter outline contained a small feature like a
peninsula, and the same outline was scaled down but
mapped at the same resolution, the peninsula feature
would eventually become too small to be mapped and
would no longer be part of the outline. This simplification would decrease the observed SDF without a change
in actual shoreline complexity. To examine this potential

issue in our analysis, we used a version of the yardstick
perimeter measurement method. By pinning the characteristic measurement length to a constant proportion of
Pmin, we simulated a measurement resolution relative to
the size of the lake. With this method, smaller features
were neglected for larger lakes, virtually scaling the
mapping resolution to the lake size. This technique
changed the median SDF of lakes smaller than 1 km2
from 1.14 to 1.13 and lakes larger than 1 km2 from 2.3
to 1.5. While the median SDF for large lakes using the
size-relative measurement resolution is still higher than
smaller lakes (1.5 and 1.13, respectively), this increase in
parity highlights a potential challenge when using SDF
to compare lakes of large size difference. Counterintuitively, this issue is exacerbated by consistent measurement resolution. Further work is required to better
understand the sensitivity of SDF across mapping resolutions and lake sizes, especially if SDF is to be used in
studies comparing lakes with large ranges in size.
Compared with rivers and streams, lakes make up a
small fraction of the total aquatic–terrestrial interface.
Intermittent and perennial streams and rivers combined
have an order of magnitude greater aquatic–terrestrial
interface than lakes (21 370 000 and 1 880 000 km of
shoreline, respectively). The per-unit shoreline flux of
material is often used to measure and upscale loading
rates into aquatic systems (e.g. Conners & Naiman, 1984;
Preston et al., 2008). This suggests that systems with
greater total interface (like streams versus lakes) may
contribute more to collective flux into aquatic systems,
and our estimate of total aquatic–terrestrial interface is
important to accurately upscale fluxes. However, shoreline loading and methods for measuring these loads may
differ between lakes and streams, and not all fluxes may
be sensitive to shoreline extent, confounding this simple
scaling approach. For example, particulate organic carbon
loading, one flux often published as a shoreline-specific
rate, has reported rates generally of similar magnitude
for streams and lakes (Gasith & Hasler, 1976; Webster &
Meyer, 1997). While lake and stream fluxes are measured
using in-water open-top traps, the lateral fluxes in
streams often include a lateral transport trap not used in
lakes. Whole-stream transport for streams is sometimes
inferred from small-scale lateral transport traps scaled
across many kilometres of shoreline. Particulate organic
carbon loading is a clear example of a flux that is sensitive to shoreline length, since the dominant source of
this material is often shoreline vegetation (Malanson &
Kupfer, 1993). On the other hand, if materials entering a
lake are derived from the catchment as a whole (e.g.
nutrient loading in well-drained agricultural basins;
© 2013 John Wiley & Sons Ltd, Freshwater Biology, 59, 213–223

Lake shoreline in the contiguous United States
Fraterrigo & Downing, 2008), then shoreline length may
be a poor scalar for loading rates. Finally, it may also be
the case that real differences in ecosystem morphometry
affect shoreline flux. Convolution on the scale of a few
metres may not be significant, while larger convolution
on the scale of 100s of metres may be enough to affect
overall transport magnitudes. Understanding the differences among ecosystems in terrestrial–aquatic fluxes
and the relevant scales of shoreline complexity may
be an important element in improving our overall estimate of carbon fluxes between inland waters and their
surrounding landscapes.
The spatial distributions of lake abundance, area and
perimeter have distinct differences despite similarities in
general trends. Our spatially explicit maps of abundance
and per cent lake cover, which display the USGS National
Hydrography Dataset data at a resolution of 50 km2 as
opposed to coarse aggregations based on ecoregion
(McDonald et al., 2012), highlight fine-scale spatial distributions. Smith et al. (2002) reported a remarkably high
density of lakes in the southern and central Great Plains
region. The authors argued that such high densities probably resulted from human activities based on the absence
of past lake-creating geological processes and are manifestations of both agricultural land use and negative
water balance in these areas. A similar spatial distribution
is apparent in the abundance and shoreline densities we
present. The significance of lentic habitat creation is even
more striking when viewed in terms of shoreline distribution. Pond and reservoir construction has created a broad
mid-continental region with extensive shoreline and littoral habitats that were virtually non-existent before
European settlement (Smith et al., 2002). In the spatial
distribution of per cent lake cover, this high density is
not as apparent because lakes in the southern and central
Great Plains region are small and contribute disproportionally more to perimeter and abundance than to area.
The spatial distributions of lake area, perimeter and
abundance follow general trends while deviating notably
in certain regions due to significant biases in average
lake size and potentially in shoreline convolution. This is
especially relevant when considering the spatial distribution of processes that may scale with lake area or perimeter (e.g. CO2 efflux versus shoreline carbon loading),
knowing now that the distributions of area and perimeter are not equivalently distributed across lake size classes. We leave further exploration of the spatial
distribution to the reader by way of the publically available data set (http://lter.limnology.wisc.edu).
Differences in lake area to perimeter ratio across lake
size classes is driven by two processes, the increase in
© 2013 John Wiley & Sons Ltd, Freshwater Biology, 59, 213–223
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SDF with increasing lake size and the purely geometric,
nonlinear scaling of perimeter with changing area of
Pmin (Pmin = 2p0.5A0.5). Geometric scaling of a circular
lake would tend to increase the area to perimeter ratio
with increasing lake size, while increasing SDF with
increasing lake size would tend to decrease the area to
perimeter ratio. Despite observing increasing SDF with
increasing lake size, the geometric scaling across lake
size dominates over differences in SDF. The mean area
to perimeter (Pobs) ratio in larger lakes (10–100 km2) was
448, significantly higher than 31, the mean in smaller
lakes (size range of 0.01–0.1 km2). This difference occurs
despite larger lakes having generally more convoluted
shorelines (higher SDF) that would tend to decrease
their area to perimeter ratio. Despite lake size dominating the range seen in perimeter to area ratio, we do not
claim that shoreline complexity is irrelevant when considering differences between lakes. While there has been
some work relating shoreline complexity to a variety of
lake process and characteristics, such as fish populations
(Johnson et al., 1977) and terrestrial input of nutrients
(Gasith & Hasler, 1976), further links may be found in
the large, geographically distributed lake data sets
becoming increasingly available (e.g. the U.S. Environmental Protection Agency National Lakes Assessment).
A pattern of decreasing total perimeter with decreasing measurement resolution is consistent with the idea
that lake shorelines are fractal and that estimates of
length will increase with increasing mapping resolution,
as represented by shorter yardstick length. Unlike previous studies that focused on a small number of larger
lakes (Kent & Wong, 1982), we applied the yardstick
method to the entire population, yielding an overarching
view of lake perimeter sensitivity to measurement resolution. Strikingly, the large increase in total shoreline
with decreasing measurement coarseness is influenced
more by the inclusion of small lakes than by shoreline
complexity. Coarser measurement resolution excluded
small lakes that were not big enough to be measured.
The contribution of small lakes to total shoreline is eliminated with measurement resolutions of 800 and 3200 m.
Our interpretation of the relationship between overall
perimeter and measurement resolution can be improved
by removing small lakes from the data set. When all
lakes are included, the relationship between total perimeter and measurement resolution has a slope of 0.62,
which indicates that doubling measurement resolution
increases total perimeter by about 50%. When only larger
size bins (i.e. bins in which no lakes are lost across
measurement resolution) are used, then the sensitivity
due to shoreline convolution alone can be examined. In
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this case, the average slope is 0.2, which indicates that
a doubling of measurement resolution increases total
perimeter by 15%. This slope estimate is not confounded
by the loss of small lakes with coarser measurement resolution and suggests that perimeter estimates for a given
lake, on average, may not be as sensitive to measurement resolution as previously reported. It is difficult to
compare these results to other published work because
the measurement sensitivity of shoreline is not well
represented in the literature. One such study concerning
lakes found slopes ranging from 0.1 to 0.16, although
the relationships between observed perimeter and resolution also contained a second linear relationship with
steeper slopes (0.27 to 0.64; Kent & Wong, 1982). At
the large scale, we did not find such a secondary
relationship, although we did not exhaustively examine
individual lakes, and our data covered a different region.
Our results are probably more comparable to large-scale
measurements of ocean shoreline complexity. For example, the Hausdorff dimension of the coast of Great Britain
is reported as 1.25 (Mandelbrot, 1967). To convert it
to a log-log slope of perimeter versus resolution, we
subtracted the Hausdorff dimension from 1, giving us a
slope of 0.25, similar to the collective slope of the lake
shoreline of U.S. contiguous states.
Our study suggests that small lakes contribute more
to total aquatic–terrestrial interface than large lakes. We
highlight spatial patterns and a distribution of lake
perimeter that differs from the distribution of lake
surface area and lake population. These findings change
the paradigm of the relative roles of small versus large
lakes for processes that may scale with perimeter as
opposed to surface area, such as terrestrial carbon input.
The total aquatic–terrestrial interface in lakes is less than
one-tenth that of streams when using comparable mapping products, highlighting the importance of streams
when describing processes occurring at or across this
boundary. While the use of these estimates to upscale
ecosystem processes was beyond the scope of this paper,
combining measurements of shoreline with estimates of
shoreline fluxes and process may contribute to improving estimates of aquatic processes at continental scales.
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