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Abstract—In this paper we conduct an empirical test of a published equation which relates lake

surface area and maximum lake depth to the presence or absence of laminated lake sediments. Q S R
A 297 lake dataset from New York State and six regions in Canada, representing a number of

biogeoclimatic zones, is employed. The results suggest that deeper lakes are more likely to
contain laminated lake sediments than are shallower lakes. The percentage of lakes incorrectly
predicted to contain laminated sediments {false positives) and that incorrectly predicted to
contain massive sediments (false negatives), was much higher than that found in the study in
which the original equation was developed. Its low predictive ability suggests, therefore, that in
addition to lake morphometry, many other factors affect the formation and preservation of
laminated sediments. © 1998 Elsevier Science Ltd. All rights reserved.

INTRODUCTION rogenic) and mineral matter (clastic). Allochthonous
laminae typically comprise coarse mineral matter of
fluvial origin depesited when stream discharge is high
and fine mineral matter is deposited when it is low.
The probability of ALLS being created and preser-
ved is increased if anoxic conditions in the lake bottom

Annually laminated lake sediments (ALLS) are ideal
for paleolimnological recenstructions. because they
allow accurately dated and precisely resolved chrono-
logies of sedimentation to be developed. Applications
of ALLS have been reviewed extensivelv, and lists of

lakes with ALLS have been compiled (O'Sullivan. waters are persistent, and if annual sedim.ent accumu-
1983; Anderson et al., 1985; Saarnisto. 1986). The use of lation is greater than the depth to which sediment
ALLS has, however, been limited by the low number of mixing occurs. In lakes where laminae are formed by
lakes known to contain them and the difficulty of allochthonous inputs, mixing will usually be controlled
locating bodies that have ALLS. Recognition could be by fluvially induced lake currents. In lakes where
increased if, for such lakes easily. recognizable mor- laminae are formed by autochthonous processes. inter-
phological characteristics could be identified. nal water movements that have been related to lake

Annual laminae are created by seasonal variations in surface area and depth are important (O'Sullivan.
autochthonous or allochthonous sedimentary inputs 1983; Larsen and MacDonald. 1993} The profundal
to a lake basin {O'Sullivan. 1983: Saarnisto, 1986). sediments of lakes which are deep relative to surface
ALLS created by seasonal changes in autochthonous area (typically meromictic lakes) should undergo little
inputs typically contain an annual couplet of dark, or no physical or biological mixing. Progressively shal-
organic-rich fines deposited in winter when the lake lower lakes will be mixed by spring and fall overturn
waters are calm, and light coloured material deposited (dimictic lakes), and by currents and waves (typically
in summer. Light layers may be rich in diatoms (bio- polymictic lakes). Equations which relate lake surface

genic), calcite crystals (calcareous), oxidized iron (fer- area, maximum lake depth and most important mixing
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mechanisms are given in Larsen and MacDonald
(1993).

O'Sullivan (1983) showed that in lakes containing
autochthonous ALLS the relative depth of those with
a large surface area is greater than that of lakes with
a small surface area. Larsen and MacDonald (1993)
compared the surface area and maximum depth of
lakes with autochthonous ALLS from around the
world, with those of lakes containing massive lake
sediments {(MLS) from Canada and Alaska (Fig. 2j).
They found that the morphometry of lakes with ALLS
could be distinguished from those with MLS using the
equation:

Zimy = 7.784,%2°* (1)

where Zm, is the shallowest maximum depth in meters
a lake can be to contain ALLS and A, is lake surface
area in hectares. They suggested that the sediments of
lakes deeper than Zm, contain autochthonous laminae
because internal water movements are too weak to mix
the bottom most waters and sediments. The applica-
tion of Eq. (1) to'data on lake depth and surface area
contained in many databases would allow lakes with
ALLS to be identified with minimal costly fieldwork.

In this paper, we test Larsen and MacDonald’s rela-
tion by further applying it to seven sets of lake data
collected from Canada and the United States in differ-
ent biogeoclimatic zones. We hypothesize that all lakes
deeper than Zm; will contain autochthonous ALLS

and that all those shallower than Zm; wili contain only
MLS.

STUDY REGIONS

A data set of 297 lakes was compiled from seven
regions in Canada and the United States (Fig. 1). The
data from each region were not gathered specifically
for this study. but are parts of other paleolimnological
surveys. All lakes in each study were used. All but two
of the lakes contained freshwater. The lakes in the
Yukon, Norman Wells and Yellowknife study areas
(Fig. I, regions A-C) are located along transects from
boreal forest to tundra (Pienitz and Smol, 1993; Pienitz
et al., 1997a,b). The Yukon region area is underlain by
metamorphic and sedimentary bedrock (Pienitz et al.,
1997a), the Norman Wells area has sedimentary strata
and the Yellowknife region has Precambrian granitic
gneiss bedrock (Pienitz and Smol, 1993). The lakes
in Wood Buffalo National Park (Fig. 1, region D)
are in Paleozoic sedimentary and Precambrian
igneous bedrock within the boreal forest {Moser et al.,
in press). Those in the Haliburton region (Fig. 1,
region E; Hall and Smol, 1996), in the southern
Ontario and Quebec study area (Fig. 1, region F;
Blais and Kalff, 1993) and in the Adirondack Park,
New York (Fig. 1, region G; Cumming et al., 1992),
are all located in Precambrian igneous and meta-
morphic rocks within mixed deciduous—coniferous
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FIG. 1. Location of the seven study regions: (A) Yukon; (B) Norman Wells; (C) Yellowknife; (D) Wood Buffalo National Park; (E) Haliburton; (F)
. southern Ontario and Québec; and (G) Adirondack Park, New York.
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forest. Further information on each of the 297 lakes,
including their latitude and longitude, can be obtained
in the appropriate references listed above. The sedi-
ments in all of these lakes are believed to be primarily
autochthonous in origin.

METHODS

Lake sediments

Sediment characteristics were identified from cores
of the top 30-50 cm of the deposit, collected using
either a modified Cushing and Wright (1965) piston
corer, a modified Kajak-Brinkhurst gravity corer
{Glew, 1989) or a mini-Glew gravity corer (Glew, 1991).
In most cases, cores were collected at the deepest point.
Radiometric dating suggests that most cores contained
between 200 and 1000 years’ of sediment (see appropri-
ate references for each site). Sediments were classified
as laminated, massive (no apparent stratigraphy) or
top laminated {laminae in the top of the core and
massive sediments below). They were visually exam-
ined in the field by eye with no magnification.

It 1s not known whether in every case laminations
are annual, since their structure was not examined in
detail. As a result, we refer to these lakes as containing
laminated lake sediments (LLS). In this regard, our
data are not much different from those used by Larsen
and MacDonald (1993), in that many of the studies
they cite did not ascertain whether laminae were an-
nual. Indeed, most records of LLS contain some ‘miss-
ing’ laminae and some years with multiple sub-annual
laminae. Cross-dating from multiple cores is required
to construct an ALLS chronology (e.g. Lamoreux and
Bradley. 1996).

The Larsen and MacDonald relation {1993} suggests
that. since depth is the critical variable, a lake that has
LLS in the top 30-50 cm should contain LLS in its
deeper sediments. A lake with MLS in the top
30-50cm may contain MLS or LLS in its deeper
sediments. A shift from LLS at depth to MLS near the
surface would occur if the deposits caused the lake to
become so shallow that sediments became mixed.

Morphometric relations

The lakes in each study area are plotted by surface
area and maximum depth. Symbols denote whether
they contain massive or laminated sediments. Also
shown is the line which Larsen and MacDonald (1993)
used to distinguish lakes with ALLS from those with
LLS. The accuracy of Eq. (1) is assessed by determining
the number of correct decisions regarding lakes with
LLS. the number of false negatives (Type I errors) and
of false positives (Type Il errors) (Davis, 1986). The
number of correct decisions is calculated as the fraction
of lakes that Eq. (1) predicted would possess LLS that
actually do contain them. False negatives are cal-
culated as the proportion of the lakes with LLS that

Eq. (1) predicted would have MLS. False positives are
calculated as the fraction of lakes that Eq. (1) predicted
would possess LLS that actually contain MLS. In
study areas D and E, in which there are some lakes
with only top-laminated sediments, graphs and ana-
lyses were first conducted with top-laminated sedi-
ments classified as MLS, and then as LLS.

RESULTS

Lakes with MLS deeper than Zmy in Eq. (1) occur in
five of the study regions (Fig. 2). In three regions lakes
with LLS shallower than Zm, are found (Fig. 2). In the
four regions in which LLS occur, the percentage
ranged from 1 to 20% (mean = 9.5%. n = 6) (Fig. 2:
Table 1). Note that regions D and E are included in the
calculation twice, once when the lakes with lamina-
tions present in the uppermost sediments are con-
sidered as LLS (e.g. Dy), and again when the same
sites are treated as MLS (e.g. Dryu)

The fraction of correct decisions regarding whether
a lake predicted to contain LLS did possess them
ranges from 8 to 50% (mean = 19%, n = 6). This value
is 18% when all 297 lakes are pooled (Table 1). The
proportion of lakes with false negatives varies between
0 and 100% (mean = 34%, n = 6), and is 43% when all
297 lakes are considered (Table 1}. False positives
range from 50 to 100% (mean = 83%. n=7), and is
82% in the pooled data set (Table 1).

The percentage of lakes containing LLS increases
with maximum lake depth (Fig. 3). In Eq. (1) the
intercept coefficient is 7.78. When this statistic is 3.0
or less, all the lakes possess MLS and none contain
LLS. When it is 6.0, then 10% of the basins have LLS.
When it is 9.0, 11.8% of the sites possess LLS. When it
15 9.0 or greater, LLS are found in 21.4% of the lakes
(Fig. 3).

DISCUSSION

The results of this study do not support the hypothe-
sis that all, or even most. lakes deeper than Zm. in the
equation of Larsen and MacDonald (1993) will contain
autochthonous LLS or that all lakes shallower than
Zmy. will possess MLS {Fig. 2). Table 1 shows the pro-
portion of correct decisions was much lower. and the
percentage of false negatives and false positives much
higher, than those obtained by Larsen and MacDonald
{1993). Given that the percentage of false negatives is
equivalent to the level of significance of the equation
{Davis, 1986). the 43°, overall rate of false negatives
indicates that predictive accuracy of Eq. (1) is low.

Modification of the intercept coeflicient size in Eq.
{1} showed that a higher percentage of deep lakes
contain LLS than do shallower bodies with the same
surface area (Fig. 3). However, this modification did
not identify a critical depth at which lakes with LLS
become more common. We did find, however, that
massive sediments occur in all lakes shallower than
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FIG. 2. Relations between lake surface area. maximum lake depth and whether sediments are massive or laminated. (2} Yukon {map region AL (b

Norman Wells (map region BJ, (¢) Yellowknife (region C). {d) southern Ontario and Quebec (map region F). {2) Wood Buffalo National Park

(WBNP: top laminated lakes are considered ‘massive’) (map region D). (D Wood Buffalo National Park (WBNP; top laminatec lakes are

considered ‘laminated’) {(map region D). (g) Haliburton (top laminated lakes considered ‘massive’) imap region E). (h) Haliburton (top laminated

lakes considered ‘laminated’) (map region E). (i} Adirondack Park (map region G). and ()) the published data set (L&M (19931 Larsen and
MacDonald. 1693).

a critical depth Zm,,, where: to find them, lakes shallower than Zm,, should be
- 0.294 avoided.

Zmp = 3040 @ Larsen and MacDonald (1993) suggested that, be-

Therefore, while we cannot say which lakes are most cause it would influence the preservation of a sea-

likely to contain LLS, we can suggest that if the goal is sonal sedimentation signal, morphometry was a critical
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TABLE | Accuracy of the published equation that relates Jake morphometry to the presence of laminated sediments

Map region No. of lakes Laminated Correct decision False negatives False positives
A 59 6/59 (10%) 1/2 (50%) 1/6 (17%) 1/2 (50%)
B 24 0/24 (0%) 00 (&) 00 (&) 00 ()

C 24 0724 (0%) 0,0 () 0/0 (&) 0/0 ()
Doy 35 4/35(11%) 1/13 8%) 3/4(75%) 12/13 (92%)
Dy 35 7/35(20%) 2/13 (15%) 5/7 (71%) 11713 (85%)
Erim 55 1/55 (2%) 1/21 (5%) 0/1 (0%) 2021 (95%)
Erwe 55 7/55 (13%}) 521 (24%) 3/7 (43%) 1621 (76%)
F 30 030 (0%) 06() 0/0 () 66 (100%)
G 70 1/70 (1 %) 1/7 (14%) 0/1 (0%) 6,7 (86%0)
Overall 297 217297 (7%) 949 {18%) 9/21 (43%) 40,49 (82%%)
Published 96 26796 (96°%) 26,26 (100%) 1/27 (4%) 0,26 (0%)

Map regions are those given in Fig. 1. The ‘Overall' region contains all the data in sites A-G. with the top laminated lakes considered as laminated.
The *Published’ region refers to the data in Larsen and MacDonald {1993). *Correct decision’ is the fraction or percent of the lakes that Eq. (1)
predicted would have laminated sediments that actually do have them. "False negatives” are the fraction or percent of the lakes with laminated
sediments that Eq. (1) predicted would have them. ‘False positives' are the fraction or percent of the lakes that Eq. (1) predicted would have
laminated sediments that actually have massive sediments. Sites D and E contain some lakes with sediments only laminated in the top 2-10cm.
When the sediments of these top laminated lakes are considered massive the site is subscripted TLM. and when considered laminated it is

subscripted TLL.

0.5
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100
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® Laminated sediments

] I
10 100

Lake surface area (hectares)

Z,=3.0 A2
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FI1G. 3. Relations between lake surface arsa. maximum lake depth and whether sediments are massive or laminated for the 297 lakes from the

seven regions shown in Fig. |. The top laminated lakes in sites D and E are considered to be laminated. Also shown ars three modified versions of
the published equation which distinguished betwezn lakes with laminated and massive sedimeants.

factor in determining whether a lake would contain
LLS. The low accuracy of predicting and classifying
lakes with LLS obtained in this study suggest that
factors other than the relationship between surface
area and maximum depth expressed in Eq. (1) exert
a strong control on formation and preservation of
LLS. For example, internal water movements (which
may disturb laminations) will also be influenced by

variables, such as lake shape. internal morphometry.
topography around the lake and whether there are
inflowing streams (e.g. Walker and Likens, 1975
Hokanson, 1977, O'Sullivan, 1983; Saarnisto, 1986;
Bowling and Tyler, 1990).

Lakes with conditions that allow LLS to be preser-
ved might still not contain them because the water
chemistry may not be suitable for the production of
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seasonal variations in sediment characteristics. For
example, Ludlam (1979) discussed how a recent in-
crease in lake productivity in some meromictic lakes in
the northeastern United States led to the formation of
biogenic laminae in the top parts of the sediment.
Increased lake productivity owing to cottage develop-
ment along the shore has probably led to the formation
of top-laminated sediments in some lakes in region E of
this study (Hall and Smol, 1996). In contrast, LLS may
become obscured towards the top of the sediments by
changes in water chemistry, For example, in one lake in
region D, laminae were not apparent during field in-
spection of the top 30 cm. However, a core from this
lake previously analyzed microscopically, was found to
contain calcareous laminae which increased in visibil-
ity with depth (MacDonald et al., 1991). The decreased
visibility of the upper most laminae appeared to be due
to increased humic acid content (P. R. Leavitt, pers.
comm.). It is possible, therefore, that fine laminations
may be overlooked in the field.

Despite the importance of lake chemistry, our study
does not show the existence of any simple trend of
lakes in either sedimentary, metamorphic or igneous
rocks with higher levels of ‘correct decisions’ or lower
levels of false negatives or false positives. Geological
and geochemical conditions and, therefore, water
chemistry may play an important role influencing the
presence of LLS, but the conditions are not always
sufficiently reported or known for their role to be
tested.

The importance of these various factors does not
explain why in our data set the percentage of correct
decisions is lower and the proportions of false nega-
tives and positives is higher than in the lakes studied by
Larsen and MacDonald (1993). We suggest that the
contrast may be due largely to inter-regional differ-
ences in climate. Larsen and MacDonald (1993) in-
cluded in their data set lakes with ALLS from around
the world. Many of those containing MLS came from
Canada and Alaska. and so typically from colder, more
northerly latitudes. In our study, it is notable that in
the two most northerly study regions (A and D). LLS
are found in shallower lakes than in the two southern
most (E and G; Fig. 2). In addition. it is only in the
northerly regions B and C that no lakes with MLS are
deeper than the critical level described by Eq. {1). It is
therefore possible that lakes of the same or very sim-
lar morphometry are not mixed as deeply in cold.
northern areas. Further. weather patterns that may be
associated with different climates have been noted to
influence the time-span and depth of turbulent mixing
in meromictic lakes in different vears (Salonen et al.
1984, Bradbury, 1988). In addition. it is possible that
the more extended period of ice cover in northern
regions would promote formation of laminations by
providing a longer time over which fine material may
settle out of the water column.

Unfortunately, our data are not sufficient to develop
a model that would relate climate to depth of lake
water mixing. The idea merits further investigation.
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