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Mirrors in a room, water in a landscape, eyes in a face-those are what give
character.
-Brooke Astor (1982, p.36)

A t first thought, one might expect that lakes within a lake district, such
as the Northern Highlands Lake District, would be relatively similar

another. These lakes were formed by the same processes, share a similar
setting, have access to the same regional species pool, and experience

identical climate and weather. Yet, our experience suggests that lakes that
a few hundred meters of each other can differ dramatically, not only in

values of individual variables but also in the dynamics of these variables.
1et.standlmg the mechanisms that lead to these differences provides insight into

importance of the various processes influencing lake characteristics and
In this chapter, we explore how landscape-level processes lead to pre

patterns in some lake characteristics. In short, we try to understand
in the landscape provides a basis for predicting general relationships
We attempt to make sense of the landscape.
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Historical Perspective

Traditionally, limnologists have studied patterns and processes that occur within
single lakes (Chapter 1) (Likens 1985, Edmondson 1991, Goldman 2000) or be
tween lakes and their catchments (Hasler 1975). When multiple lakes within the
same lake district or multiple lake districts have been used in comparative research
as the unit of study, the focus has usually been to discern patterns at essentially the
spatial scale of an individual lake. For example, the development of phosphorus
chlorophyll relationships by Dillon and Rigler (1974) and the establishment of the
relative roles of grazing versus nutrients in controlling primary production (Car
penter et al. 1991) were both ultimately designed to develop an understanding at
the scale of individual lakes and their reflection of surrounding landscapes. Despite
the predictive relationships between lake characteristics and, for example, lake depth
or the ratio of catchment area to lake area, lakes still are considered most often as
individual units within the larger lake district or region.

Stream limnologists have long considered individual stream units as connected
in a spatially explicit way through the River Continuum Concept and similar con
stmcts (Vannote et al. 1980, Newbold et al. 1981, Ward and Stanford 1983, Wiley
et al. 1990, Thorp and Delong 1994). These concepts describe predictable patterns
from first-order headwater streams to large floodplain rivers in ecological proper
ties ranging from species composition to carbon cycling. In a sense, this spatial
context is apparent from the longitudinal nature of, and explicit hydrologic con
nections between, streams. In contrast, the shorelines of lakes make them more
readily identifiable as individual units, obscuring the perspective of hydraulically
connected units like rivers and streams. To put lakes in this same fluvial frame
work, one can think of arraying aquatic systems as landscape units on the basis of
their degree of hydrologic connectivity (Fig. 3.1) (Magnuson and Kratz 2000).
Seepage lakes represent the isolated end of the gradient. Some seepage lakes, like
Crystal Lake, are precipitation dominated, and others, such as Sparkling Lake, re
ceive significant amounts of groundwater (Chapter 2). Lakes connected to each other
via wetlands or ephemeral streams are next along this gradient. Farther down a flow
system, streams connect lakes, or rivers connect a sequence of reservoirs. Finally,
streams and rivers represent the highly connected end of the gradient. This isola
tion-connection gradient maps generally onto a spatial gradient; isolated systems
tend to be higher in the flow system, whereas connected systems such as streams
and rivers tend to be lower in the flow system.

The importance of hydrology in the landscape ecology of both lakes and wet
lands has been identified in a number of landscape settings. For example, Winter
(2000) discussed the critical importance of hydrologic linkages between wetlands
and surrounding uplands, as well as the importance of considering hydrologic units
when trying to understand lake ecology (Winter 2001). Hershey et aL (1999) de
veloped a geomorphic-trophic model to describe among-lake differences in arctic
food webs. Hillbricht-Ilkowski (2002a, 2002b) described the importance of land
scape-level hydrology in influencing nutrient dynamics and loading to a chain of
lakes in Poland. Collectively, these and the other recent studies described later in
dicate a growing awareness of and interest in the role that spatially explicit land-
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High in
Landscape

Low in
Landscape

Figure 3.1. From high to low in a landscape, hydrologic connectedness ranges from iso
lated seepage lakes, to lakes connected by streams, to large river systems.

scape processes play in shaping differences in the characteristics and dynamics of
neighboring lakes.

One of the hallmarks of our North Temperate Lakes Long-Term Ecological Re
search (LTER) program is that we have designed our research to consider multiple

scales, ranging from within lake, to whole lake, to multiple lakes, to lake
distri(;ts, and to regions. Although we use mUltiple lakes, that is, subsets of lakes

a lake district, as the unit of study, the key distinguishing feature of our re
is that we explicitly consider spatial positioning of individual lakes relative
other. Here we further develop the concept of landscape position to describe
of spatially explicit variation of lake properties and dynamics as a func-

the lakes' positions in the landscape. Thus, we provide a framework inter
in scale between the individual lake and the lake district that recognizes

Impoll'tallce of the specific locations of lakes within the landscape. This empha
spatial gradients is similar conceptually to but quite different in detail from

iver Continuum Concept discussed earlier.

'1't1(,,-nhir Legacies and the Concept of
in the Landscape

bllJldamc'e, distribution, origin, and hydrologic connection among lakes in the
Hiighlan(is is a legacy of the glacial activity that occurred in the region
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more than 10,000 years ago (Attig 1985). The hydrologic and geomorphic template
left by the glaciers acts as a constraint on the expression of many limnological fea
tures and imposes a characteristic spatial pattern to this lake district.

This legacy has many aspects, but one of the more interesting ones is the hy
drology at the scale of the lake district. The low level of elevational relief in con
junction with the thick sandy tills and outwash has led to a hydrologic setting where
precipitation, surface water, and groundwater play important roles in the regional
hydrology (Chapter 2). Because the position of a lake in the flow system influences
the relative hydrologic balance among precipitation, groundwater, and surface water
inputs and because this hydrologic balance may influence lake chemistry and a suite
of chemically dependent biological variables, we expect that spatial positioning of
a lake within the flow system will determine, in part, various lake characteristics.

We define a lake's landscape position as its explicit location relative to other
lakes within the hydrologic flow system. A lake high in the landscape receives most
of its water from the atmosphere, whereas a lake low in the landscape receives a
substantial percentage of its water from surface inlets or groundwater. What makes
this concept useful in a landscape context is that lake characteristics often are pat
terned spatially along a landscape position gradient. For example, as discussed later,
the surface area of lakes tends to be larger in lakes lower in the landscape. This
spatial patterning imparts an organizing framework for understanding similarities
and differences among lakes arrayed along a landscape position gradient and linked
to each other hydrologically through the flow system.

Spatial Organization of Lake Properties

Patterns among LTER Lakes

A strong linkage between hydrology and lake chemistry was recognized early on
by Juday et al. (1935), who showed that seepage lakes, lacking stream inflows or
outflows, had more dilute water than drainage lakes with stream inflows and/or
outflows. Eilers et al. (1983) took this one step further and concluded that the sen
sitivity of lakes to acidification was related to a lake's hydrologic setting. Lakes
that received most of their input waters from precipitation were more sensitive to
acidification than lakes that received significant amounts of water from streams or
groundwater. Although they recognized the importance of hydrologic setting to
water chemistry, both of these studies considered lakes as independent entities in
the landscape; the spatial positioning of the lakes relative to each other was not
considered or analyzed. Yet, the importance of hydrologic setting and the high
densities of lakes in many lake districts suggest that spatial patterning of lake char
acteristics may be a defining feature of ecological relationships. In short, the land
scape can be viewed as organized into collections of lakes that occupy different
positions in a common hydrologic flow system.

Our seven primary study lakes in northern Wisconsin are arrayed along a hy
drologic flow system in the Trout Lake basin (Fig. 3.2) (Chapter 2). This choice of
study lakes has allowed us to understand lakes in the context of their landscape
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3.2. The seven primary LTER study lakes in northern Wisconsin on a map of water
elevations computed in 1982 and 1983 using sound refraction data (method, Fig. 14.6h,

and groundwater flow directions. Redrawn and modified from Okwueze (1983),
et al. (1997b) with permission of E. Okwueze and Blackwell Publishing.



54 Conceptual Approaches

100..,------------------------.-104

conductivity

.... III- . - . -III.......

Cil 80
(1)

'0
(1)

0-....--
(J) E
b~
"- (J) 60
(1) :::l.

.D '-"'
E~
E:~

'-"' ......
(J) 0

~ -5 40
c c
..c 0
00
iX
..c
(J)

u::: 20

10-.
1 "1 ,

1
1

1/

P
/

/
/

/
/

/
/

/
/

/
/

lake area

,/,/
1

.-d, """", """"'cY

fish richness
•. _.-l1li....

103

10°

0 10-1

Crystal Trout Crystal Big Sparkling Allequash Trout
Bog Bog Lake Muskellunge Lake Lake Lake

Lake

High
Landscape Position

~ Low

Figure 3.3. Lake surface area, conductivity, and fish species richness as a function ofland
scape position for the seven primary LTER lakes in northern Wisconsin.

position. Characteristics of the seven primary study lakes vary systematically as a
function of their position in the flow system. In particular, lakes higher in the flow
system are lower in concentrations of major ions, are smaller in smface area, and
have fewer fish species than lakes lower in the flow system (Fig. 3.3, Kratz et a1.
1997b). The mechanism leading to the observed pattern for the major ions seems
relatively straightforward. Precipitation and groundwater have very different chem
istry. As groundwater flows through the sandy, noncalcareous tills and outwash,
chemical evolution occurs through silicate hydrolysis (Kenoyer and Bowser 1992a,
1992b) and leads to increased levels of acid neutralizing capacity, calcium, mag
nesium, and dissolved silica. Lakes that receive a larger percentage of their incom
ing waters from groundwater sources tend to have higher concentrations of these
chemical constituents (Chapter 2).

But why are lake areas and fish species richnesses related to landscape position?
Two possible hypotheses follow. First, because lakes lower in the landscape tend
to be relatively larger, the relation between species richness and landscape position
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actually reflects a species-area relationship of insular systems (Chapter 4). Kratz et
al. (1997b) suggested that lakes higher in the landscape are restricted to being smaller
in area, because additional water would spill over to the next lower basin. Lakes
lower in the landscape often have complex bathymetries with many individual basins
separated by shallow sills (Robertson and Ragotzkie 1990b). These lakes tend to
be larger because there are no basins at lower elevations to which water can spill.
Lake area is related, in turn, to species richness for many groups of organisms fol
lowing the principles of island biogeography (Barbour and Brown 1974, Magnuson
1976, Magnuson et al. 1998, Tonn et al. 1990, Lewis and Magnuson 2000) (Chap
ter 4). Hypotheses for the pattern of species richness in relation to landscape posi
tion, independent oflake area, are that, regardless of size, lakes low in the landscape
are more productive, have less stressful chemistries, and are more connected to
sources of immigrants through connecting streams (Chapter 4).

Patterns in the Northern Highlands

The relationship between lake characteristics and landscape position suggests that
the legacy set at the time of glacial retreat is an ultimate cause of spatial patterning
of these lake ecosystems in the Northern Highlands. However, the results presented
earlier were based on data from relatively few lakes. To test the generality of these
results, Riera et al. (2000) expanded the analysis to include lakes throughout the
entire Northern Highlands. This effort raised an immediate conceptual issue. How
do we quantify a lake's landscape position? One possibility is to use lake elevation
as a measure of landscape position. However, at the scale of the entire lake district,
limnological characteristics are not related to elevation (Fig. 3.4). This lack of re
lationship suggests that landscape position affects lake characteristics at a smaller
scale than the entire lake district. For example, in one part of the lake district, a
partlclliar lake may be the highest of a local subgroup of lakes. At the same time,

entire subgroup of lakes may all be much lower in elevation than other lakes in
lake district. Because this lake is relatively high in the local landscape, the hy

dn)lo:gical and limnological characteristics may be like those of a lake high in the
lanlds(;ape, even though its absolute elevation might make it relatively low in the

district.
capture the functional elevation of lakes in the same flow system, Riera et al.
characterized lakes by their order in a local flow system, rather than by their

elevation above sea level. They attempted to define a metric that would
the relative importance of precipitation, groundwater, and surface water

to lakes, (2) be relatively simple to assign from easily accessible topographic
fOrmation, and (3) allow us to increase our predictive understanding of how lake
aracterisltics are distributed across a lake district. As described earlier, lakes of

arrayed in a predictable way along hydrologic flow gradients in lake dis
groundwater is a large part of lake water budgets. Lakes high in the
are usually seepage lakes, that is, lakes with no surface water inlets or

receive most of their incoming water directly from precipitation. These
are perched above the local groundwater table, or for most or all of the

lose water through groundwater infiltration. The next lakes down in the
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Figure 3.4. Lake area, conductivity, Secchi disc depth, and fish species richness are not
related to lake elevation above sea level in the Northern Highlands Lake District.
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flow system tend to be groundwater flow-through lakes, seepage lakes with both
groundwater inputs and loss. These lakes may also have intermittent outlet streams.
Next are lakes that have stream outlets but no inlets. In these lakes, the combina
tion of precipitation and groundwater inflow is sufficient to support a perennial outlet
stream. We know of no lakes in the Northern Highlands that have inlets but no
outlets. Finally, farther down in the flow system are drainage lakes, having both
inlet and outlet streams. These lakes receive input waters from precipitation, ground
water, and surface streams.

The metric of lake order attempts to quantify the position of a lake in the flow
system from data that are available from topographic maps (Fig. 3.5). First, seep
age and drainage lakes were separated. Seepage lakes were assigned negative lake
order, and drainage lakes were assigned positive lake order. For drainage lakes,
the lake order was defined as the order of the lake's outlet stream, following
Strahler (1964). Headwater lakes, with a stream outlet but no inlets, were assigned
a lake order of O. Seepage lakes connected to the surface drainage network with
intermittent streams were assigned a value of -1. Lakes connected to the surface
drainage network by unchannelized' flow through a wetland were assigned -2.
Finally, lakes unconnected to the surface drainage network were assigned lake
order -3.

Riera et al. (2000) related lake order to 25 physical, chemical, and biological
variables for 50 to 556 lakes in the Northern Highlands Lake District (Table 3.1).
Lake order explained a significant percentage of the variance of 21 of the 25 vari-

o

Lake order, indicated by the numbers, indicates relative position of lakes
(negative numbers) to low (positive numbers) in the landscape, based on map

des:crilbed in the text. Redrawn from Riera et al. 2000 with permission of Blackwell



Table 3.1. Relation between lake attributes and landscape position for northern
Wisconsin lakes based on the results of Riera et al. (2000).

Variable

Morphometry

Lake Area
Lake Perimeter
Shoreline Development Factor
Maximum Depth
Mean Depth

Water Optical Properties

Secchi Depth
Turbidity
Water Color
Dissolved Organic Carbon

Major Ions

Conductivity
pH
Acid Neutralizing Capacity
Calcium
Magnesium
Chloride
Sulfate

Nutrients

Total Phosphorus
Kjeldahl Nitrogen
Dissolved Silica

Biological Variables

Chlorophyll a
Dry Weight of Plankton
Crayfish Abundance
Fish Richness

Human Variables

Boating Usagee

Density of Cottages
Density of Resorts

Relation to Lake Ordera

increases
increases
increases
increases
increases

decreases
increases
increases
none

increases
increases
increases
increases
increases
increases
none

none
increases
increases

increases
none
increases
increases

increases
increases
increases

Strength of Relationb

strong
strong
strong
weak
weak

weak
weak
weak

strong
strong
strong
strong
strong
strong

weak
strong

strong

strong
strong

Stronge

weak
weak

aIncreases = increase in an attribute from high to low in landscape; decreases denotes the opposite.
bWeak = significant differences among lake orders in an ANOVA, with a tendency to increase or decrease with

lake order, but multiple mean comparisons detected no significant differences among lake orders. Strong = signifi
cant differences among lake orders in ANOVA and significant differences in multiple mean comparisons.

'Based on Reed-Anderson et al. (2000c).
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Figure 3.6. Lake area, conductivity, chlorophyll concentration, and fish species richness
as a function of lake order in lakes of the Northern Highlands Lake District. The notch =
median, notch edge = 95% confidence interval, top and bottom of box = quartiles, vertical

= 1.5 times the difference between the quartiles. Dark horizontal bars indicate orders
do not differ significantly. Modified from Riera et al. (2000).

for examples, lake area, conductivity, chlorophyll, and fish richness (Fig. 3.6).
variables most closely related to lake order were measures oflake size and shape;

:.C)llCelltnltiC)llS of silica, chlorophyll, and major ions other than sulfate; crayfish
IQund:mc:e and fish species richness; and human use. These results are consistent

the observations made on the seven primary LTER study lakes and show that
variety of a lake's physical, chemical, and biological characteristics are re

to its position in the landscape. Equally interesting, however, are those vari-
s that showed little relationship with lake order. Concentrations of nutrients other
silica and optical properties of the water were related poorly to lake order.
use the major source of nitrogen and phosphorus in the Northern Highlands
District is most likely atmospheric deposition (Cole et al. 1990, Wentz et al.
),we had expected that lakes with larger catchment areas would have greater
ntrations of these nutrients. Because catchment area is related positively to
rder, we expected to see a positive relationship between nitrogen and phos

concentrations and lake order. Riera et al. (2000) speculated that uptake
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processes in the catchment and among-lake differences in in-lake processes could
introduce variability and mask a relationship between nutrient concentration and
lake order.

Lake-water optical properties, such as water color, made up the other class of
variables unrelated to lake order. The fulvic and humic acid components of dis
solved organic carbon are related closely to water color in northern Wisconsin lakes,
where the area of riparian peatland within 25 to 100 m of the shore is correlated
highly with dissolved organic carbon concentration (Gergel et al. 1999). Therefore,
local factors, such as the amount of peatlands close to the lake, likely are more
important influences on water color than is landscape position as measured by lake
order. However, as Riera et al. (2000) argued, the current location of peatlands likely
is related to the geomorphology set down by the same glacial legacy that affected
the lakes.

The spatial arrangement of lakes can influence the distribution of aquatic
organisms (Kratz et al. 1997b, Riera et al. 2000); however, covariation among
several lake characteristics makes isolating effects of individual characteristics
challenging. Pollard (2002) compared the effects of covarying lake characteris
tics related to lake order (benthivorous fish abundance, littoral area, stream con
nection, and specific conductance) on benthic invertebrate abundance and
taxonomic composition. She sampled invertebrate assemblages in 32 lakes in the
Northern Highlands. Benthic invertebrate abundance and diversity increased sig
nificantly with lake order. Interestingly, the dominant explanatory factors were
different for invertebrate abundance and richness. Variation in invertebrate abun
dance was associated with specific conductance, with higher conductivity waters
having higher invertebrate abundance. Hrabik et al. (2005) reasoned that specific
conductance was related indirectly to the observed changes in invertebrate abun
dance through its direct relation with macrophyte diversity. In contrast to abun
dance relations, differences in invertebrate richness were associated with the
presence or absence of stream connections to lakes. Although this result is not
intuitive for organisms such as many aquatic insects capable of aerial dispersal,
lakes with streams had higher richnesses than those without stream links. Their
work provides an example of how lake characteristics summarized within the
concept of lake order influence the abundance and distribution of organisms across
the landscape.

Although lake order is an important determinant of the abundance and distri
bution of organisms (Table 3.1), the dendritic nature of surface water connec
tions is an additional factor potentially influencing species distribution. Spatial
placement of lakes was a determinant of snail species richness and community
composition in lakes in the Northern Highlands (Lewis and Magnuson 2000).
Snails were sampled in 18 lakes distributed among three local catchments. In each
catchment, sampled lakes were arrayed along a gradient of lake order. Interest
ingly, species richness did not differ among catchments but was significantly
related to lake order, with drainage lakes having significantly more species than
seepage lakes. The authors reasoned that increased calcium concentration, the
presence of stream connections, and increased amounts of macrophytes in drain
age lakes likely accounted for increased snail species richness in drainage lakes.
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However, relative species composition differed significantly among the three
catchments. They argued that historical events such as particular species making
their way into one catchment but not another may have led to current differences
in species composition among catchments. Thus, colonization and dispersal routes,
both functions of lake spatial placement, increase our understanding of explicit
spatial variability among lakes.

The landscape position concept appears to provide useful explanatory power
for peatland features, as well. Water sources and movement are critical to under
standing spatial patterns of vegetation composition and water chemistry of inter
stitial waters in large tracts of peatlands, such as those that occur in northern
Minnesota, parts of Canada, and northern Europe (Heinselman 1970, Glaser et
al. 1990, Glaser et al. 1997). In a series of small, kettle-hole peatlands in the
Northern Highlands, landscape position reflected the importance of groundwater
input (Kratz and Med1and 1989). The 10 studied peatlands ranged from high to
low in the landscape on the basis of topographic maps and the groundwater flow
map (Fig. 3.2). Silica concentrations in surface interstitial waters provided a tracer
of groundwater input, because groundwater concentrations of silica are several
orders of magnitude greater than that of precipitation and because silica might be
expected to be more conservative in peatlands than major cations such as calcium
or magnesium that engage in ion exchange processes with Sphagnum moss. In
general, peatlands low in the landscape had higher concentrations of silica and
appeared to have larger amounts of groundwater input than peatlands higher in
the landscape. However, in addition to this regional influence of landscape posi
tion, local effects were important. Peatlands directly abutting larger lakes had silica
values similar to the lake, and a peatland surrounded by steep mineral ridges had
more silica than expected, probably owing to increased localized surface runoff.

far, we have considered status or mean properties of lakes. However, the dy
of limnological variables, as measured by temporal trends or temporal vari
can differ among lakes, as well. We also investigated the relation between

dynamics and landscape position.
et al. (1991b) studied the relationship between interannual variability of

nological variables and lake landscape position. They posited that temporal
iability might be related to landscape position because the way lakes respond to
tor dry years may depend on the lakes' landscape positions. Because precipita-
tidominates hydrologic inputs to lakes high in the landscape and groundwater

.nates inputs to lakes low in the landscape, the hydrologic balance might be
dYlllal1nic across years in lakes high in the flow system than in lakes low in the

Differences in the variability of the precipitation:groundwater ratio
might in turn cause differences in variability of water chemistry vari-

ass:ocilat~~d with groundwater input. They compiled data on the seven primary
lakes for 5 years from 1982 to 1986. A total of 68 parameters were

including various seasonal means for water temperature, dissolved oxygen,
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pH, specific conductance, nitrate, ammonia, silica, chlorophyll a, and abundances
of Chaoborus and Leptodora. In general, the coefficient of variation of these pa
rameters was related strongly to lake landscape position, with coefficients of
variation tending to be greater in lakes higher in the landscape. The patterns were
most pronounced for a subset of edaphic data most closely related to groundwater
inputs. Although five years seemed long term at the time, the authors were not cer
tain that the patterns would hold over longer periods. Analysis with more than the
20 years of data cUlTently available could prove fruitful.

An opportunity to test some of these ideas about differential response to cli
mate drivers was provided by a natural experiment, a sustained and severe 4-year
drought in northern Wisconsin and most of the Upper Midwest. Using the LTER
long-term data and landscape framework, Webster et al. (1996) posited that lakes
would respond differentially to the drought depending on their landscape posi
tion. They focused on the relatively conservative cations, calcium, and magne
sium as markers of changes in lake-groundwater interaction caused by drought.
This prediction was based on the rapid loss of cations observed during drought in
Nevins Lake, a seepage lake in the Upper Peninsula of Michigan (Webster et al.
1990). Webster et al. (1996) reasoned that reduced groundwater inputs during
drought would cause similar decreases in cations in LTER lakes located high in
the landscape. These highland lakes tend to have more transient connections with
groundwater and were thus expected to be more chemically responsive to hydro
logic shifts during drought compared to lakes located low in the flow system. These
lowland lakes typically have stronger connections with groundwater following
longer, more regional flowpaths (Chapter 2).

Webster et al. (1996) analyzed chemical data collected from 1984 to 1993 for
seven lakes with groundwater input ranging from 0% to 35%. This time period
included three years prior to the drought from 1984 to 1986, four drought years
from 1987 to 1990, and three postdrought years from 1991 to 1993. Unlike Nevins
Lake, where cation concentrations decreased, all lakes experienced increases in
cation concentrations during the drought. However, much of this change in con
centration was an artifact of decreased lake volume and water level owing to the
concentration of ions through evaporation. Indeed, after accounting for lake level
fluctuations, patterns in the total ion content, or mass, of calcium and magnesium
supported the hypothesized differential response to drought. In the group of four
lakes high in the landscape most hydrologically similar to Nevins Lake, calcium
and magnesium mass either stayed the same or decreased during drought. The two
lakes that showed no change included a lake that receives virtually no groundwater
even during nondrought periods, and a second lake whose 13-year water residence
time may have precluded a measurable chemical response during the 4-year drought.
In contrast, calcium and magnesium mass increased during drought in the second
group oflakes, all located low in the flow system (Fig. 3.7). This increase in cation
content may have been caused by decreased importance of groundwater inputs from
shorter, local flowpaths. These flows are more transient and the inputs to lakes less
rich in ions than those inputs from longer, deeper and more stable regional flowpaths
that supply water to lakes low in the flow system (Chapter 2). Clearly, these chemi-
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centage of lake water input from groundwater. MO = Morgan Lake. VA = Vandercook Lake.
CR = Crystal Lake. BM = Big Muskellunge Lake. SP = Sparkling Lake. AL = Allequash
Lake. TR = Trout Lake. Redrawn from Webster et al. (1996) with permission of the Ameri
can Society of Limnology and Oceanography.

cal markers suggest that a lake's dynamic response to drought is related to its land
scape position, a result that has implications for the supply of other solutes pro

by groundwater such as silica as well as for predictions of differential response
prolonged global warming (Kratz et al. 1997b).
Landscape position appears to be a determinant of temporal coherence, that is,

Wfletlh.er lakes vmy synchronously. Lakes more similm' in landscape position tended
more temporally coherent than lakes that were dissimilm' in landscape posi

(Chapter 5) (Baines et al. 2000).

enE~ralliz(lltioln to Other Regions

turn our attention to whether the relationships between landscape position
characteristics in the Northern Highlands Lake District are general for other

distri<:ts. In particular we were interested in whether the pattern of greater
qt:mltratiOJls of solutes in lakes lower in the landscape held in other lake districts.

is. expected because lakes lower in the landscape should, in general,
watershed-to-Iake-area ratios than lakes higher in the landscape.
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One of the best data sets for comparison with the North Temperate Lakes LTER
site comes from the Arctic LTER site on the north slope of Alaska. Arctic LTER
researchers have measured spatial and temporal patterns of 21 chemical and bio
logical variables in 14 streams and 10 lakes several times each year since 1991 (Kling
et al. 2000). Nine of the 10 lakes are connected in a direct lake chain by surface
water. Despite large differences between Alaska and Wisconsin in climate, geo
logic setting, permafrost, soils, and vegetation, many of the relationships between
landscape position of the lakes and lake characteristics were similar to those in
northern Wisconsin. Conductivity, calcium, magnesium, acid neutralizing capac
ity, dissolved inorganic carbon, and pH all increased from high to low in the lake
chain in the Alaska study. These increases were attributed partly to the increased
catchment area of lakes farther down-slope and partly to the processing of materi
als in lakes and stream segments along the lake chain. Patterns for each of these
lake variables in the northern Wisconsin lakes (Riera et al. 2000) were similar to
those in Alaska.

In an exhaustive analysis of spatial patterning in 86 southcentral Ontario lakes
occurring on a combination of bedrock and glacial deposits (Quinlan et al. 2003),
lake order explained significant amounts of interlake variation in major ion chem
istry, physical and catchment characteristics, hypolimnetic oxygen, and commu
nity composition in algal and invertebrate assemblages. Interestingly, nutrients other
than silica did not have significant relationships with lake order. These results are
in striking agreement with those for the northern Wisconsin lakes reported earlier
(Riera et al. 2000).

However, landscape position appears to be relatively unimportant in determin
ing lake characteristics and dynamics in at least some bedrock-dominated land
scapes. Webster et al. (2000) showed that lakes in the surface-water dominated
Experimental Lakes Area in western Ontario had attributes that did not vary ac
cording to a lake's landscape position. All of the lakes responded similarly, for
example, to a several-year-Iong drought. They posited that in smface-water domi
nated systems, where bedrock is exposed or close to the land surface, lakes respond
in a relatively simple way to changes in precipitation, whereas in groundwater
dominated systems the relationship between precipitation and solute loading is more
complex (Webster et al. 2000).

To examine further the generality of the influence of landscape position on lakes,
Soranno et al. (1999) compiled data from nine lake chains representing seven lake
districts throughout North America. Each of the lake chains consisted of 3 to 13 water
bodies organized in a flow system by groundwater or surface water connections. The
lake districts included the North Temperate Lakes LTER site in northern and south
ern Wisconsin, the Arctic LTER site in Alaska, the Qu' Appelle Valley lakes in
Saskatchewan, the Adirondack lakes in New York, Rocky Mountain lakes in Colo
rado, and Tennessee River Valley reservoirs. Weathering variables such as acid neu
tralizing capacity, specific conductance, and calcium generally, but not always, were
greater in lakes farther downstream in the lake chains (Fig. 3.8). Silica had a similar
pattern, suggesting that this important nutrient behaves like a weathering valiable in
the landscape. Interestingly, although patterns between either algal biomass or total
phospholUs and lake chain position were not strong, water clarity as measured by
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Figure 3.8. The conductivity of lakes and reservoirs as a function of position of the lakes
from high to low in the landscape or in a lake chain from six areas of North America. Modi
fied from Soranno et al. (1999).

Secchi disc generally decreased from high to low in the lake chains, perhaps suggest
a relation between lake position and turbidity or dissolved organic carbon. In

101:'111:'1(11, the relations between landscape position and a series of chemical vm1ables
lakes throughout North America were surprisingly robust (Soranno et al. 1999).

provide examples of how a landscape perspective enriches our understanding
condition and dynamics (Fig. 3.9). The spatial distribution of lakes that have

physical, chemical, and biological attributes is not random across the
ridsCalJe of Northern Highlands Lake District. Neighboring lakes differ in basic

such as surface area, ionic strength, and species richness, in systematic
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Individual Lake Perspective

Figure 3.9. A landscape perspective provides a richer, spatially explicit understanding of
land-water interactions. Lakes can be considered as individual entities (top) or as part of a
larger landscape (bottom) where characteristics of lakes are dependent on their location within
the landscape. Arrows indicate general direction of groundwater flow.

ways associated with the lakes' positions in the surface water/groundwater flow
system. Lakes higher in the landscape are, in general, smaller, more dilute chemi
cally, clearer, with fewer species, and less used by humans than lakes lower in the
flow system. The landscape position of lakes also influenced their interannual
dynamics. For example, we have evidence that, while lakes respond differently to
climatic shifts such as drought, the nature of the response is coherent and related to
position in the flow system. Many of these results appear to be general across diverse
types of lake districts, suggesting that a landscape-scale approach to understanding
the structure and dynamics of lake districts is a necessary and powerful perspective.




