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An image analysis system was used to calculate the surface area and volume of the submerged leaves of seven species of
Mpyriophyllum. We separated the species into two categories based on their distribution and habitat differences and compared
their surface area, volume, dry mass, specific leaf area, and surface to volume ratios. The geographic location and habitat
of the species explained the greatest percentage of total variance for these variables when compared by analysis of variance.
A leaf shape analysis was performed by regressing surface area with volume for each species. Interspecific comparisons of
leaf shape were made using analysis of covariance. Fundamental interspecific differences in submerged leaf shape, associated
with differences in their geographic distributions and habitats, are explained as adaptations for different nutrient uptake

regimes.

Because leaf shape plays a fundamental role in the pho-
tosynthetic energy-biomass relationship (Solbrig et al.,
1979), changes in foliar morphology can confer important
adaptations to species. While the adaptiveness of a par-
ticular leaf shape is not easily ascertained, modifications
in leaf morphology and other photosynthetic adaptations
are constrained by energetic compromises or “costs” of
resource capture (Mooney and Gulmon, 1979). Specific
examples are water loss relative to carbon gain, and en-
ergetic costs associated with tissue construction/mainte-
nance that accompany increased leaf photosynthetic ca-
pacity (Givnish, 1986).

Photosynthetic adaptations of leaves are variously
manifest. It is evident that increases in leaf surface area
alone may enhance photosynthesis (Aerts, De Caluwe,
and Konings, 1992), lead to increased leaf nitrogen con-
tent (Field and Mooney, 1986; Aerts, De Caluwe, and
Konings, 1992), and promote accelerated relative growth
rates (Poorter and Remkes, 1990). Understandably, adap-
tive changes in leaf morphology should be closely asso-
ciated with habitat features, particularly with respect to
nutrient availability. When resources are not limiting,
plants will attain maximum growth rates by maximizing
resource allocation to leaves (Tillman, 1988) within the
permissible range governed by associated energetic costs
(Givnish, 1986). The study variation in leaf morphology,
its physiological consequences, and the associated habitat
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characteristics of plant species can potentially provide
important insight into the adaptive evolutionary process.

We - are interested in morphological adaptations of
aquatic plant leaves. Aquatic plants provide an appro-
priate model for studying foliar adaptations because sub-
mersed leaves are typically characterized by morphology
that is peculiar relative to that of emergent or terrestrial
foliage. The unusual morphology of hydrophytes is cor-
related with their atypical environment. Notably, the
highly dissected form of many underwater leaves has been
implicated as adaptive to the particular conditions of light
and nutrient availability, water current stresses, etc. that
characterize the aquatic habitat (Sculthorpe, 1967; Wet-
zel, 1983).

The convergent origin of submersed leaf dissection
among many unrelated aquatic angiosperms (e.g., Ar-
moracia [Brassicaceae], Ceratophyllum [Ceratophylla-
ceae), Megalodonta [Asteraceae), Myriophyllum [Halora-
gaceae], and Ranunculus [Ranunculaceae)) argues strongly
for an adaptive function; however, specific functional re-
lationships of leaf dissection in hydrophytes remain to be
investigated thoroughly or demonstrated convincingly.

The genus Myriophyllum (Haloragaceae) is well suited
for studying such structure/function relationships because
considerable leaf variation and habitat diversity exist
among species. Leaf variation in all Myriophyllum species
centers around modifications of a pinnately dissected pro-
totype. It is advantageous to study leaf variation among
congeners of a monophyletic genus such as Myriophyllum
because the dissected condition is likely to have arisen
from a common ancestor. Consequently, particular mod-
ifications of leaf dissection among species are likely to
disclose adaptive features, particularly if correlated with
specific habitat differences. This type of comparison would
be more difficult to evaluate in a study that simply com-
pared patterns of leaf dissection among unrelated taxa.

In this study, we investigate interspecific leaf variation
among seven North American Myriophyllum species and
relate various components of structural variation to phys-
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iological factors associated with distinct habitat charac-
teristics of the species. We have employed computerized
image analysis techniques to facilitate the morphological
analysis of the complex dissected leaves found within this
genus.

MATERIALS AND METHODS

Collection and measurement — Five plants each of Myr-
iophyllum alterniflorum, M. exalbescens, M. farwellii, M.
heterophyllum, M. spicatum, M. tenellum, and M. verti-
cillatum were collected in August/September 1992 from
atotal of 34 different lakes and one bay (five plants/species
from each of five different sites/species) in Wisconsin and
the Upper Peninsula of Michigan.

We separated these seven species into two groups based
on their geographical distribution and habitats (see dis-
cussion): 1) a northern group included Myriophyllum al-
terniflorum, M. farwellii, and M. tenellum; 2) awidespread
group included M. exalbescens, M. heterophyllum, M.
spicatum, and M. verticillatum. All plants were collected
in <2 m of water. For six of the seven species (excluding
M. tenellum), three leaves were removed from each in-
dividual plant. One healthy green leaf was removed from
each of three nodes located 5 cm, 15 cm, and 25 cm below
the nonflowering shoot apex of each plant. A total of 75
leaves/species was thus removed, placed in water, and
stored at 10 C. The shoots of M. tenellum were too short
to sample leaves from nodes at the above intervals. Be-
cause the minute leaves of M. tenellum play little if any
role in photosynthesis, the entire shoot was used in the
shape analysis described below.

Each leaf and a cylindrical wire calibration standard
were photographed with a 35 mm camera using a fiber-
optic backlighting source and Tmax 100 film. A developed
negative of the leaf and calibration standard image was
placed under a camera with an AF Micro Nikkor 55 mm
lens, and the image was captured, using a PC-Visions
AFG Frame Grabber Board, on a video monitor using
OPTIMAS software (Bioscan, Inc., Edmonds, WA). Each
image was used to calculate foliar surface area and volume
(unpublished data). A total of 450 leaves was processed.
Seventy-five shoots of M. tenellum were also processed
as above. After being photographed, each leaf and each
M. tenellum shoot was dried at 90 C for 24 hr, and dry
mass was measured. After drying, we found marl deposits
on 15 leaves of Myriophyllum spicatum collected from
one lake in Wisconsin, and we removed these leaves from
all analyses (V = 435). .

For each of the seven species, ten shoots (cut at the
sediment/water interface) were cleaned and then stripped
of foliage. The leaves and stems were dried at 90 C for
48 hr. Total leaf and total shoot dry mass measurements
were made.

Analysis — All variables were In-transformed to better
approximate normal distributions (Sokal and Rohlf, 1981).
A one-way analysis of variance and Tukey HSD posthoc
tests were used to make multiple comparisons among the
In-transformed variables mass, volume, and surface area
for the leaves of six species, excluding Myriophyllum te-
nellum. The species were also compared with respect to
two derived variables: specific leaf area (surface area/dry
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leaf mass) and surface area/volume. These five variables
were also determined separately for the shoots of M. te-
nellum. -

An analysis of variance (ANOVA) with both nested and
crossed effects (Littell, Freund, and Spector, 1991) was
performed using SAS (SAS, 1985). The 30 collection sites
were nested within the six species (excluding the five lakes
for M. tenellum), and the species were nested within two
geographic/habitat units (see above). The three positions
on the stem from which the leaves were removed was the
same for all six species and was treated as a crossed effect.
A species by position interaction was calculated to de-
termine if the effect of position varied significantly among
species.

We performed an allometric analysis to explore inter-
specific differences in leaf shape and growth pattern using
the allometric formula y = bx® where b = y-intercept and
a = slope of the relationship (Hammond, 1941; McMahon
and Bonner, 1983). Shape was defined as the relationship
between two measured variables (Somers, 1986). We used
bivariate plots of surface area to volume to compare in-
terspecific differences in leaf shape and growth pattern.
We calculated regression lines from these bivariate plots
and tested the species for homogeneity of slopes (Sokal
and Rohlf, 1981). The intercepts of regression lines with
equal slopes were compared using an analysis of covari-
ance.

We compared the percentage of dry leaf mass to dry
shoot mass of all seven species to determine the relative
amount of shoot mass apportioned to leaf material. A
one-way analysis of variance and Tukey HSD posthoc
test were used to make multiple comparisons among the
species for percent dry leaf mass/total dry shoot mass.

RESULTS

Pairwise comparisons of means for surface area were
significantly different (P < 0.05) except between M. exal-
bescens and M. spicatum and between M. exalbescens and
M. verticillatum (Fig. 1). Pairwise comparisons of volume
means were significantly different (P < 0.05) except for
M. exalbescens and M. spicatum (Fig. 1). Pairwise com-
parisons of dry mass means were significant (P < 0.05)
except between M. exalbescens and M. spicatum and be-
tween M. alterniflorum and M. farwellii (Fig. 1). An ex-
perimentwise alpha level of 0.05, using a Bonferroni ad-
justment ([0.05]/3), was used to determine significant
interspecific differences for the two derived variables. Spe-
cific leaf area means differed significantly (P < 0.05) among
all species comparisons except between M. alterniflorum
and M. verticillatum, between M. exalbescens and M.
spicatum, and between M. heterophyllum and M. verti-
cillatum (Fig. 2). Surface area/volume ratio means were
significantly different (P < 0.05) among all species except
M. spicatum and M. exalbescens (Fig. 3). For comparison,
the In-transformed means + SE of similar variables for
the shoots of M. tenellum were: surface area = 4.78 mm?2
+ 0.06, volume = 3.41 mm? % 0.08, and mass = 0.34
mg + 0.08. The derived variable means + SE were specific
leaf area = 90.00 mm?/mg * 3.42 and surface area/vol-
ume ratio = 4.04 mm~' = 0.11.

ANOVA indicated that species from the northern geo-
graphic/habitat unit had significantly smaller (P < 0.05)
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Fig. 1. Logmass, volume (Vol), and surface area (SA) = standard

error for leaves of six Myriophyllum species where ALT = M. alterni-
florum; EXA = M. exalbescens; FAR = M. farwellii; HET = M. het-
erophyllum; SP1 = M. spicatum; VER = M. verticillatum.

leaf mass, volume, and surface area than the species within
the widespread unit (Table 1; Fig. 1). Conversely, the
northern species had significantly higher (P < 0.05) sur-
face area to volume ratios than the widespread species
(Table 1). No significant difference was found between

. the northern and widespread species for specific leaf area
(Table 1). The geographic/habitat units explained the larg-
est proportion of total variance for surface area, volume,
dry mass, and surface area/volume ratio (Table 1). A
significant species X position interaction was found for
each of the above variables; however, the interaction ex-
plained <4% of the total variance.

Allometric analysis —We compared six regression lines
(one per species) from the bivariate plot of surface area
with volume (Fig. 4) for homogeneity of slopes using
paired comparisons of regression slopes (Table 2). Slopes
(P > 0.05) were found to be nonsignificantly different
between several species (Table 2); these species were then
tested for equality of y-intercepts using an analysis of
covariance. Species having different regression slopes or
having nonsignificantly different regression slopes and sig-
nificantly different y-intercepts were considered to have
different leaf shapes and growth patterns (Hammond, 1941;

TABLE 1.
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Fig. 2. Means of specific leaf area (mm?/mg) + standard errors for
leaves of six Myriophyllum species. Species abbreviations are the same
as in Fig. 1.

Gould, 1966). Isometry, the condition in which changes
in leaf size but not in leaf shape occur (Gould, 1966), did
not exist within any of the six species. All species differed
significantly in either slope or y-intercept (Table 2) and
therefore had distinct leaf shapes.

Dry leaf mass for the six species of Myriophyllum, ex-
cluding M. tenellum, made up from 50% to 70% of the
total dry shoot mass (Fig. 5). Dry leaf mass made up less
than 6% of the total dry shoot mass in M. tenellum. In
this species the leaves have been greatly reduced to minute
scales (length <1 mm; Voss, 1985); therefore, the shoot
functions as the major photosynthetic organ. :

A one-way ANOVA and Tukey HSD posthoc test were
used to make multiple comparisons among the species
for percent dry leaf mass/total dry shoot mass. The means
for Myriophyllum alterniflorum and M. tenellum were
significantly different (P < 0.05) from all other species.
All other pairwise comparisons for percent dry leaf mass/
total dry shoot mass were not significant (P > 0.05) except
between M. exalbescens and M. heterophyllum.

DISCUSSION

The cost of leaf structure associated with increased leaf
photosynthetic capacity is important when considering

F-statistics (F) and variance components expressed as percentages of total variance (%) for the following variables from a nested-crossed

analysis of variance for six Myriophyllum species: Geo. = geographic/habitat unit, pos. = position, spp. = species, SA = surface area, VOL =
volume, MASS = dry mass, SA/VOL = surface area to volume ratio, and SLA = specific leaf area.?

SA VoL MASS SA/VOL SLA
Variance component F % F F % F % F %
Within geo. 18.0%** 47.2 21.0%** 51.4 14, 5%** 47.6 10.0** 38.2 1.8ns 7.2
Spp. within geo. i 4.3 12.4 4.6 . 7.4 17.7 10.4** 22.4 14.0%* 46.2
Lake within sp. within geo. 17.3%%* 17.6 19.5%** . 19.4%** 13.0 17.8** 11.3 18.8** 16.8
Leaf pos. on stem 3.7* 29 9.2%*x . 13.6%** 8.9 25.8%* 16.6 14.2%* 12.5
Spp. X pos. interaction 2.2% 3.7 2.0* 2.4 2.1* 2.3 1.7ns 1.5 2.1ns 3.2
Error 16.2 124 10.6 10.0 14.2

2 ns, not significant at P > 0.05; *, 0.01 < P < 0.05; **, 0.001 < P < 0.001; *** P < 0.001.
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TABLE 2. Results of analysis of covariance (ANCOVA) for an allo-
metric analysis of six Myriophyllum species.

Homogeneity

Species Y intercept Slope R of slopes® ANCOVA®
M. spicatum —-1.34 0.87 0.97 A A
M. alterniflorum -0.98 0.87 0.99 A B
M. heterophyllum 0.30 0.81 0.97 AB C
M. exalbescens 0.53 0.79 0.96 B D
M. verticillatum 0.88 0.78 0.95 BC E
M. farwellii 2.45 0.72 0.98 C F
a Species with the same letter have nonsignificantly different slopes
(P > 0.05).

b Species with the same letter have nonsignificantly different regression
lines (P > 0.05).

the adaptive morphology of aquatic plants. Changes in
both the shape and size of submersed leaves will affect
their structural cost and photosynthetic efficiency. Spence
and Chrystal (1970) and Spence, Campbell, and Chrystal
(1973) found an inverse relationship between specific leaf
area and light intensity for entire-leaved Potamogeton
spp. Similarly in the terrestrial, shade-tolerant Impatiens
parviflora, Evans and Hughes (1961) found sun-adapted
leaves had small specific leaf areas (measure of light cap-
turing ability, Berendse and Elberse, 1990), whereas shade-
adapted leaves had large specific leaf areas. Aberg (1943;
as cited in Ashby, 1948) also found leaf shape changes in
submerged leaves of Lobelia dortmanna to be correlated
with decreased light intensity associated with increasing
_ water depth. Lee (1986) found that some extreme shade-
adapted terrestrial species tended to produce lighter and
thinner leaves than those of sun-adapted species.

In the leaves of submersed aquatic plants, there is no
trade-off between carbon gain and water loss; foliar sto-
mates are either lacking or nonfunctional (Sculthorpe,
1967; Hutchinson, 1975) with respect to carbon gain and
transpiration. Carbon uptake occurs mainly through the
leaf surface (Sand-Jensen, 1987). The leaf surface area in
submerged aquatics is not only important in light capture

30 T T T T T

Means + SEM
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EXA  SPI

Species

Fig.3. Means of surface area/volumeratio (mm~') =+ standard errors
for leaves of six Myriophyllum species. Species abbreviations are the
same as in Fig. 1.
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Fig. 4. Regression lines plotting In surface area (mm?) against In
volume (mm?3) for the leaves of six Myriophyllum species (abbreviations
same as in Fig. 1). Line length indicates the range of values for each
species.

and CO, uptake, but also functions in mineral nutrient
uptake (Sculthorpe, 1967; Hutchinson, 1975; Denny, 1980;
Raven, 1981). Caffrey and Kemp (1992) found an in-
creased reliance on the shoots of Potamogeton perfoliatus
for nitrogen absorption as the growing season progressed.
They suggested that increases in shoot surface area and
biomass were responsible for the increased shoot uptake
of nitrogen.

Due to low light levels and limiting resources (especially
carbon and nitrogen) in aquatic environments (Stumm
and Morgan, 1981; Wetzel, 1983, 1988; Barko, Gunnison,
and Carpenter, 1991), numerous presumed adaptations
for light capture, CO,, and mineral uptake (e.g., high
surface/volume ratios, reduction in thickness, thin cuti-

.cles, epidermal chloroplasts) are found in submerged leaves
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Fig. 5. Dry leaf mass as a percent of total dry shoot mass for seven
Mpyriophyllum species. Species abbreviations are the same as in Fig. 1
except TEN = M. tenellum.
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(Sculthorpe, 1967; Hutchinson, 1975; Bowes, 1987; Sand-
Jensen, 1987). These and other putatively adaptive mor-
phological features have led Bowes (1987) to categorize
submerged aquatics as “‘shade plants.”

The genus Myriophyllum includes 13 North American
species (Aiken, 1981a), seven of which are found in Wis-
consin (Fassett, 1930b; Trudeau, 1982) and the Upper
Peninsula of Michigan (Voss, 1985). Of these seven, M.
spicatum L. is an introduced species of European origin
(Reed, 1977); M. alterniflorum DC., M. exalbescens Fern.,
M. farwellii Morong, M. heterophyllum Michaux, M. te-
nellum Bigelow, and M. verticillatum L. are native. In-
terspecific differences exist for the 1) amount of leaf dis-
section (number of segments/leaf), 2) leaf segment
thickness, and 3) length of leaf segments (Gleason, 1952;
Fassett, 1957; Aiken, 1981a; Voss, 1985; Gleason and
Cronquist, 1991). These species show considerable phe-
notypic plasticity in vegetative characters (Aiken and Pi-
card, 1980; Aiken, 1981a); however, taxonomic keys em-
phasizing vegetative morphology (notably leaf dissection)
may be used with success (Voss, 1985), suggesting that
each species is distinct vegetatively.

These seven species vary both in their distribution and
habitat requirements. Myriophyllum alterniflorum, M.
farwellii, and M. tenellum have a northern distribution
(sensu, Stuckey, 1971) growing in the northern United
States and Canada (Aiken, 1981b). In Wisconsin and
Michigan, M. alterniflorum and M. farwellii are found
north of the tension zone, which divides these states into
“two distinct floristic regions and defines the southern limit
of many northern species and the northern limit of many
southern species (Curtis, 1959). Myriophyllum tenellum
is not restricted to the northern region. Myriophyllum
alterniflorum and M. tenellum are typically found growing
in clear, shallow, soft waters of oligotrophic lakes (Fassett,
1930a; Curtis, 1959; Hutchinson, 1975; Voss, 1985), gen-
erally in sandy substrates (Fassett, 1930b; Muenscher,
1944). Myriophyllum farwellii grows under low light con-
ditions in bogs with organic substrates and brown-stained
water (personal observation). All are found in acidic to
neutral waters.

Mpyriophyllum exalbescens, M. heterophyllum, M. spi-
catum, and M. verticillatum have widespread distribu-
tions in the United States and southern Canada (Aiken,
1981a; Engel, 1993). In Wisconsin and Michigan, these
species are generally found in the southern portions of
each state but are not restricted to areas south of the
tension zone. These four species are generally found grow-
ing in meso- to eutrophic lakes with harder, more neutral-
alkaline waters (Moyle, 1945; Curtis, 1959; Hutchinson,
1970; Beal, 1977; Crow and Hellquist, 1983) and grow
on muddy/organic substrates.

Submerged leaf morphology varies noticeably, with
some exceptions, among the seven Myriophyllum species.
Myriophyllum exalbescens and M. spicatum are similar
in surface area, volume, and mass. Both species are also
similar in overall morphology and in the past have been
confused taxonomically (Voss, 1985). However, the leaf
segments of M. exalbescens are thicker and fewer in num-
ber than in M. spicatum. These differences may explain
the slightly larger specific leaf areas and surface to volume
ratios found in M. spicatum. These same derived variables
were significantly larger in M. farwellii than in M. alter-
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niflorum, both of which had very thin segments; however,
those of the former were longer. Thus, increases in surface
area to volume ratios and specific leaf area can occur by
altering the submerged leaves of these species in two ways:
1) segment elongation and thickness reduction; and/or 2)
increased dissection (increased number of segments/leaf).
Differences in these characteristics are responsible for the
interspecific differences in leaf shape (Ashby, 1948) found
in this study.

Under conditions of limited resources, maximum leaf
surface area to minimum mass and volume should allow
for the greatest light and nutrient acquisition. A trade-off
exists, however, between increasing surface area/decreas-
ing mass or volume and the ability to withstand the phys-
ical stresses of water movement (e.g., currents, waves).
Submersed leaves must increase mechanical tissue, and
thus increase in mass and thickness (i.e., change shape),
to resist these stresses. All plants in this study, with the
exception of one Myriophyllum alterniflorum site, were
collected in relatively “still” waters and therefore grew
under relatively similar physical stresses. However, dif-
ferences in nutrient and light conditions did exist between
the lakes where northern and widespread species were
collected. The significant larger surface area/volume ratios
of northern Myriophyllum species represent adaptations
to nutrient-poor conditions because large surface area/
volume ratios should facilitate nutrient absorption (es-
pecially carbon dioxide).

No ssignificant differences in specific leafarea were found
between the northern and widespread species. On a rel-
ative scale, M. farwellii grew in the most light-limited
environments (personal observation) and consequently
had the highest specific leaf area. The four widespread
species grow under relatively higher light conditions than
M. farwellii but also have lower mean specific leaf areas.
However, M. alterniflorum, which grew under the highest
relative light levels, also had a relatively high specific leaf
area. This may be due to the low percentage of leaf to
shoot material, relative to the other species, found in M.
alterniflorum.

Unlike the vittate shoots of its congeners, Myriophyllum
tenellum apparently has alternatively adapted to oligo-
trophic conditions by drastically reducing leaf tissue, re-
ducing main stem mass, and growing in dense mats on
the substrate. Values of variables obtained for M. tenellum
shoots (see Results) are very similar to those for leaves
of M. exalbescens and M. spicatum (see Figs. 1-3). With
relatively low specific leaf area and surface area/volume
ratios, M. tenellum had the opposite characteristics of
those species in the northern geographic/habitat unit. The
dense growth habit of M. tenellum provides this species
with a large surface area that facilitates growth under
oligotrophic conditions.

The differences in leaf morphology, is plasticity, and
how it affects resource gain must clearly play a part in
interspecific competition, environmental adaptation, etc.
However, understanding plant morphology and habitat
relationships requires a whole-plant perspective (Grace,
1993).

We conclude that significant differences in submerged
leaf morphology exist between the northern and wide-
spread groups of Myriophyllum species presumably due
to adaptation to different habitats. However, to fully un-
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derstand the adaptive constraints placed on the leaf mor-
phology of these seven species of Myriophyllum, other
aspects of their habitats, physiology, and development
must be addressed. We are presently undertaking studies
involving comparisons of ammonium nitrogen uptake
between northern and widespread groups of Myriophyl-
lum. Future comparisons of: 1) chlorophyll content per
area of plant surface; 2) leaf area per habitat area; 3)
chlorophyll content per habitat area; and/or 4) thylakoid
membrane area per habitat area (Raven, 1984) may pro-
vide additional evidence for differences between these
northern and widespread groups. Raven (1984) stated that
evidence exists correlating low pigment content/m? of
plant surface with high leaf area. Additionally, interspe-
cific differences in total chloroplast volume per cell vol-
ume have been observed under microscopic examination
of Myriophyllum leaf tissue (personal observation).

Computer-enhanced image analysis now makes it fea-
sible to study the architecture of the delicate and complex
leaves of submerged hydrophytes. The further application
of this approach has great potential for exploring other
factors of structure and function in water plants.

LITERATURE CITED

ABERG, B. 1943. Physiologische und Gkologische Studien iiber die
pflanzliche Photomorphose. Symbolae botanicae Upsalienses 8: 1.

AERTS, R., H. DE CALUWE, AND H. KONINGs. 1992. Seasonal allocation
of biomass and nitrogen in four Carex species from mesotrophic
and eutrophic fens as affected by nitrogen supply. Journal of Ecology
80: 653-664.

AIKEN, S. G. 1981a. A conspectus of Myriophyllum (Haloragaceae) in
North America. Brittonia 33: 57-69.

. 1981b. An experiment relating vegetative morphology of Myr-

iophyllum alterniflorum DC. (Haloragaceae) to growth substrate.

Aquatic Botany 10: 383-388.

, AND R. R. PicArRD. 1980. The influence of substrate on the
growth and morphology of Myriophyllum exalbescens and Myrio-
phyllum spicatum. Canadian Journal of Botany 58: 1111-1118.

AsHBY, E. 1948. Studies in the morphogenesis of leaves. I. An essay
of leaf shape. New Phytologist 47: 153-176.

BArko, J. W., D. GUNNISON, AND S. R. CARPENTER. 1991. Sediment
interactions with submersed macrophyte growth and community
dynamics. Aquatic Botany 41: 41-65.

BEAL, E. O. 1977. A manual of marsh and aquatic vascular plants of
North Carolina with habitat data. Technical Bulletin 247. North
Carolina Agricultural Experimental Station, Raleigh, NC.

BERENDSE, F., AND W. T. ELBERSE. 1990. Competition and nutrient
availability in heathland and grassland ecosystems. In J. B. Grace
and D. Tilman [eds.], Perspectives on plant competition, 93-116.
Academic Press, San Diego, CA. ‘

Bowes, G. 1987. Aquatic plant photosynthesis: strategies that enhance
carbon gain. /n R. M. M. Crawford [ed.], Plant life in aquatic and
amphibious habitats, 79-98. Blackwell Scientific Publications, Ox-
ford.

CAFFREY, J. M., AND W. M. KEmp. 1992. Influence on the submersed
plant, Potamogeton perfoliatus, on nitrogen cycling in estuarine
sediments. Limnology and Oceanography 37: 1483-1495.

Crow, G. E,, anD C. B. HELLQuUIsT. 1983. Aquatic vascular plants of
New England, part 6. Trapaceae, Haloragaceae, Hippuridaceae. New
Hampshire Agricultural Experimental Station Bulletin 524. Uni-
versity of New Hampshire, Durham, NH.

CurTis, J. T. 1959. The vegetation of Wisconsin. An ordination of
plant communities. University of Wisconsin Press, Madison, WI.

DEeNNEY, P. 1980. Solute movement in submerged angiosperms. Bi-
ological Review 55: 65-92.

ENGEL, S. 1993. Status of Eurasian watermilfoil in Wisconsin. LakeLine
13: 10-13.

Evans, G. C., AND A. P. HuGHEs. 1961. Plant growth and the aerial

AMERICAN JOURNAL OF BOTANY

[Vol. 81

environment. L. Effect of artificial shading on Impatiens parviflora.
New Phytologist 60: 150-180.

FasserT, N. C. 1930a. Plants of some northeastern Wisconsin lakes.
Transactions of the Wisconsin Academy of Sciences 25: 157-168.

. 1930b. Preliminary reports on the flora of Wisconsin X. Hal-

oragaceae—water milfoil family. Transactions of the Wisconsin

Academy of Sciences 25: 201-203.

1957. A manual of aquatic plants. University of Wisconsin
Press, Madison, WI.

FieLp, C., AND H. A. MooNEY. 1986. The photosynthesis-nitrogen
relationship in wild plants. In T. J. Givnish [ed.], On the economy
of plant form and function, 11-24. Cambridge University Press,
Cambridge.

GrvnisH, T.J. 1986. PartI: economics of gas exchange. In T.J. Givnish
[ed.], On the economy of plant form and function, 11-24. Cambridge
University Press, Cambridge.

GLEASON, H. A. 1952. Illustrated flora of the northeastern United
States and adjacent Canada, vol. 2. The New York Botanical Gar-
den, Bronx, NY.

, AND A. CRONQUIST. 1991. Manual of vascular plants of north-
eastern United States and adjacent Canada, 2d ed. The New York
Botanical Garden, Bronx, NY.

GouLp, S. J. 1966. Allometry and size in ontogeny and phylogeny.
Biological Reviews 41: 587-640.

GRACE, J. B. 1993. The adaptive significance of clonal reproduction
in angiosperms: an aquatic perspective. Aquatic Botany 44: 159-
180.

HaMmonD, D. 1941. The expression of genes for leaf shape in Gos-
sypium hirsutum L. and Gossypium arboreum L. 1. The expression
of genes for leaf shape in Gossypium hirsutum L. American Journal
of Botany 28: 124-138.

HutcHinsoN, G. E. 1970. The chemical ecology of three species of
Mpyriophyllum (ANGIOSPERMAE, HALORAGACEAE). Lim-
nology and Oceanography 15: 1-5.

1975. A treatise on limnology, vol. 3, Limnological botany.
John Wiley and Sons, New York, NY.

Leg, D. W. 1986. Unusual strategies of light absorption in rain-forest
herbs. In T. J. Givnish [ed.], On the economy of plant form and
function, 105-131. Cambridge University Press, Cambridge.

LiTTEL, R., R. FREUND, AND P. SPECTOR. 1991. SAS system for linear
models, 3d ed. SAS Institute, Inc., Cary, NC.

McMaHoON, T. A, AND J. T. BONNER. 1983. On size and life. Scientific
American Books, New York, NY.

MoOoNEY, H. A, AND S. L. GuLMON. 1979. Environmental and evo-
lutionary constraints on the photosynthetic characteristics of higher
plants. In O. T. Solbrig, S. Jain, G. S. Johnson, and P. H. Raven
[eds.], Topics in plant population biology, 316-337. Columbia Uni-
versity Press, New York, NY.

MovLE, J. B. 1945. Some chemical factors influencing the distribution
of aquatic plants in Minnesota. American Midland Naturalist 34:
402—-420.

MUENSCHER, W. C. 1944. Aquatic plants of the United States. Com-
stock, Ithaca, NY.

POORTER, H., AND C. REMKES. 1990. Leaf area ratio and net assimi-
lation rate of 24 wild species differing in relative growth rate. Oecolo-
gia 83: 553-559.

RAVEN, J. A. 1981. Nutritional strategies of submerged benthic plants:
the acquisition of C, N, and P by rhizophytes and haptophytes. New
Phytologist 88: 1-30.

. 1984. Energetics and transport in aquatic plants. Alan K. Liss,
New York, NY.

ReED, C. F. 1977. History and distribution of Eurasian watermilfoil
in the United States and Canada. Phytologia 36: 417-436.

SAND-JENSEN, K. 1987. Environmental control of bicarbonate use among
freshwater and marine macrophytes. /n R. M. M. Crawford [ed.],
Plant life in aquatic and amphibious habitats, 99-112. Blackwell
Scientific, Oxford.

SAS INSTITUTE, INC. 1985. SAS user’s guide: statistics, version 5. SAS
Institute, Inc., Cary, NC.

ScuLtHORPE, C. D. 1967. The biology of aquatic vascular plants.
Edward Armold, London.

SokAL,R.R.,ANDF.J. RoHLF. 1981. Biometry, 2ded. W. H. Freeman,
New York, NY.




August 1994]

SoLBrIG, O. T., S. JAIN, G. B. JoHNsSON, AND P. H. RAVEN. 1979.
Introduction to part 3: energy harvest and nutrient capture. In O.
T. Solbrig, S. Jain, G. B. Johnson, and P. H. Raven [eds.], Topics
in plant population biology, 313-315. Columbia University Press,
New York, NY.

SoMers, K. M. 1986. Multivariate allometry and removal of size with
principal components analysis. Systematic Zoology 35: 359-368.

SPENCE, D. H. N., R. M. CAMPBELL, AND J. CHRYSTAL. 1973. Specific
leaf areas and zonation of freshwater macrophytes. Journal of Ecol-
ogy 61: 317-328.

, AND J. CHRYSTAL. 1970. Photosynthesis and zonation of fresh-
water macrophytes. II. Adaptability of species of deep and shallow
water. New Phytologist 69: 217-227.

STUCKEY, R. L. 1971. Changes of vascular aquatic flowering plants
during 70 years in Put-In-Bay Harbor, Lake Erie, Ohio. The Ohio
Journal of Science 71: 321-342.

GERBER AND LES—SUBMERSED LEAF MORPHOLOGY 979

StuMM, W. AND J. J. MORGAN. 1981. Aquatic chemistry. An intro-
duction emphasizing chemical equilibria in natural waters, 2d ed.
John Wiley and Sons, New York, NY. _

TiLLMAN, D. 1988. Plant strategies and the dynamics and structure of
plant communities. Princeton University Press, Princeton, NJ.
TrRuUDEAU, P. N. 1982. Nuisance aquatic plants and aquatic plant
management programs in the United States. MITRE Corp., Metrek

Div., Dept. W53. Project #1071. McLean, VA.

Voss, E. G. 1985. Michigan flora, part 2, Dicots. Cranbrook Institute
of Sciences and the University of Michigan Herbarium, Ann Arbor,
ML :

WETZEL, R. G. 1983. Limnology, 2d ed. Saunders, Philadelphia, PA.

. 1988. Water as an environment for plant life. /z J. J. Symoens

[ed.], Vegetation of inland waters, 1-30. Kluwer Academic, Dor-

drect, The Netherlands.






