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We developed an approach for assessing the trophic status of lakes having growths of
aquatic macrophytes because conventional criteria for classifying trophic state emphasize
conditions in the open water and ignore the nutrients, plant biomass, and production asso-
ciated with macrophytes. We propose that a potential water column nutrient concentration be
determined through adding the nutrients contained in macrophytes to those in the water.
Potential nutrient concentrations can be used in existing indices to classify lake trophic status.
This approach permits a first approximation of the potential impact of macrophytes on lake
trophic state.
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Parce que les criteres conventionnels de classification de I’état trophique des lacs mettent
I’accent sur les conditions existant en eau libre et ignorent les substances nutritives, la
biomasse végétale et la production associée aux macrophytes, nous avons mis au point une
approche de 1'évaluation de I’état trophique de lacs riches en macrophytes aquatiques. Nous
proposons qu’on détermine une concentration potentielle de nutriments dans la colonne d’eaun
en ajoutant ceux contenus dans les macrophytes & ceux présents dans I’eau. Les concentrations
potenticlles de substances nutritives peuvent étre utilisées dans les indices actuels pour
classifier Iétat trophique d’un lac. Avec cette approche, on peut faire une premiére approxi-

Received January 26, 1983
Accepted June 27, 1983

Downloaded from www.nrcresearchpress.com by Canadian Science Publishing on 03/05/16

@ OUR purpose in this paper is to present an approach for
= assessing the trophic status of lakes having growths of aquatic
S macrophytes. An objective trophic state classification system
< for lakes has long been sought by limnologists to rank and
: compare lakes with different structural and functional charac-
2 teristics (Naumann 1919, 1932; Thienemann 1921; Birge and
—~ Juday 1927). In recent years, several trophic classification
: systems have been developed to characterize lakes and to
§ predict their future conditions given various anthropogenic
activities (Likens 1975; Carlson 1977, 1979; Walker 1979;
Forsberg and Ryding 1980). Although these systems have
several advantages including minimal data requirements, sen-
sitivity in ranking trophic status, and ease of interpretation,
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they give no consideration to aquatic macrophytes. These
plants, however, are an important biological component of
many lakes (Wetzel 1964; Wetzel and Hough 1973). Except
for the Lake Evaluation Index (Porcella et al. 1979), current
methods use only the classical trophic-state indicators of
open-water nutrient concentrations, algal biomass, and trans-
parency, which emphasize conditions in the pelagial zone.
Even the Lakc Evaluation Index, which includes a term for
the percent macrophyte coverage, gives no consideration to
nutrients, plant biomass, or production associated with
macrophytes.

Errors in trophic staie assessment will be small in lakes
where macrophytes are confined to small littoral areas, but
large errors can result in macrophyte-dominated lakes. This
occurs because nutrient and chlorophyll concentrations can
be low and Secchi disc transparency can be high in waters
where there is an abundance of macrophytes. Under these
conditions existing trophic classification systems would
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TABLE 1.
Forsberg and Ryding 1980).
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Generalized trophic state classification standards (modified from

Total Total
Trophic phosphorus nitrogen Chlorophyll ¢ Transparency
status (mg-m ™) (mg-m™) (mg-m™) (m)

Oligotrophic <15 <400 <3 >4.0

Mesotrophic 15-25 400—-600 3-7 2.5-4.0

Eutrophic >25 >600 >7 <2.5
TABLE 2. Average chemical conditions for the surface waters of six Florida lakes between September 1979 and August 1980 (Canfield 1981).

Total alkalinity Total hardness Total P Total N Chlorophyli a Secchi
Lake pH (mg'L"'as CaCO;) (mg-L™'as CaCO;) (mg'm™) (mg-m™?) (mg-m™) depth (m)

Down 6.5 3 63 8 310 1.0 6.2
Fairview 8.0 52 65 is 450 2.5 4.8
Kerr 6.1 3 23 13 220 .5 33
Lochloosa 7.4 23 31 36 1200 32 0.7
Okahumpka 8.3 50 60 14 880 5 1.2
Stella 7.0 16 72 13 460 3 4.1

*Secchi depth represents bottom readings.

underestimate the lake’s trophic status. For example, Secchi
disc transparencies were greater than 5 m, total phosphorus
concentrations averaged 11 mg-m~’, and chiorophyll a
concentrations were less than 3 mg-m > in Lake Baldwin,
Florida, when abundant growths (156 g dry wt-m %) of
hydrilla (Hydrilla verticillata) covered 80% of the lake’s
bottom (J. V. Shireman, unpublished data). For these condi-
tions, trophic state index (TSI) values would be low and the
lake would be classified as oligotrophic (Table [) even though
the abundance of hydrilla clearly demonstrates that the lake is
productive. Current trophic classification systems only clas-
sified Lake Baldwin as eutrophic after the loss of hydrilla
resulted in a structural and functional shift to plankton. Secchi
disc transparencies decreased to less than 2 m, total phos-
phorus concentrations averaged 30 mg-m °, and chiorophyl!
a values averaged 21 mg-m ™.

We propose, therefore, that as a preliminary approach the
trophic status of lakes having growths of aquatic macrophytes
may be assesscd by adding the nutrients in the macrophytes to
the nutrients in the water. This approach is consistent with
Hutchinson’s (1969) suggestion that trophic state determina-
tions should be based on the total potential concentrations of
nutrients in the lake, since low concentrations in the water
may result because part of the lake’s nutrient supply is located
elsewhere (e.g. sediments or in the bodies of organisms
such as macrophytes). It is also consistent with methods that
use in-lake nutrient concentrations determined by nutrient
loading, hydrology, and lake morphology as a major compo-
nent of trophic state assessment (Dillon 1975; Vollenwcider
1876). Our approach may also provide a basis for predicting
the nutrient content and algal biomass of lakes when natural
factors or management practices alter macrophyte abundance.

Materials and Methods

During September and October 1981 (the period of peak
macrophyte abundance in Florida lakes), we sampled six

Florida lakes with different limnological characteristics
(Table 2) to determine the biomass of submersed aquatic
macrophytes. In each lake, vegetation coverage was deter-
mined along transects that crossed different areas of the lake
by use of a Raytheon DE-719 fathometer (Maceina and
Shireman 1980). Along the fathometer transects, buoys
(30— 50 depending on lake size and the extent of macrophyte
coverage) were placed in arcas representing different macro-
phyte abundance. At each buocy, a single plant biomass
sample was taken with a biomass sampler (Nall and Schardt
1978) modified to include an improved sampling bucket
designed by the U.S. Army Engineer Waterways Experiment
Station (Vicksburg, MS). Surface water (0.5 m) samples
were collected randomly for determination of lake phosphorus
concentrations. Phosphorus was emphasized as the criterion
for trophic state assessment because phosphorus is often the
limiting nutrient in lakes (Dillon and Rigler 1974; Jones and
Bachmann [976; Canficld 1981) and our study lakes had
nitrogen—phosphorus ratios greater than 10 (Table 2), thus
suggesting phosphorus limitation. Nitrogen, however, could
be used in nitrogen-limited lakes (see Kratzer and Brezonik
1981). All water and plant samples were placed on ice until
they could be analyzed the next day.

In the laboratory, plant samples were thoroughly rinsed,
separated by species, and dried at 70°C to a constant weight.
Each sample was weighed and plants were ground in a Wiley
Mill untif fragments were <0.85 mm. Phosphorus analysis of
plant tissue (100 mg) included a I-h digestion on a Tecam
DG-1 digestion block at 350°C with a 1 mL of 20% H,SQ,.
After cooling, samples were reheated for 15 min with [ mL
of 30% H,0,. This procedure was repeated until the sample
became clear. Total phosphorus concentrations were then
determined with an ascorbic acid—molybdate reduction
method modified from Mehlich (1978) and the American
Public Health Association (1976). Surface water samples
were analyzed for total phosphorus by using the procedures of
Murphy and Riley (1962) with a persulfate digestion (Menzel
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and Corwin 1965).

The total biomass of submersed aquatic macrophytes in
each lake was determined by
TSMB =

(L) SAXCXB

5/16

Swhere TSMB = total submersed macrophyte biomass (kilo-
ggrams), SA = lake surface area (square metres), C = percent
ccover of submersed aquatic macrophyies, and B = average
Omacrophyte biomass collected with the biomass sampler
Clkilograms per square metre). The value C was calculated
from the fathometer transect data by

Ko N
E(2) c=>

a=t

(WF, X %TC,)

8where WF = individual transect length (metres) divided by
the sum of all transect lengths (metres) and %TC = vegetated
Glength of transect (metres) divided by the transect length
‘W(metres). To determine the quantity of phosphorus contained
&in the macrophyte beds of each lake, we first estimated the
L>’\biomass of the individual species by multiplying our estimates
Bof total submersed macrophyte biomass by the proportion
Ecach individual species contributed to the samples taken with
Stk biomass sampler. We then multiplied the biomass esti-
153.&:5 of the individual species by the average phosphorus
5§ ntent of the species, as determined by our tissue analyses.
5 Values are given in Table 3. Thesc estimates were summed to
@tain a value for the total amount of phosphorus associated
With macrophytes in the lake. To estimate the total phos-
b@)orus content of the water column (WCP values), mass
Chalance calculations were made by using measured lake
molume, the phosphorus content of the water, and the phos-
phorus content of the macrophytes assuming 100% decom-
position (Jewell 1971; Hill 1979) and recycling into the water
Scolumn. Although there are errors associated with the mea-
“surement of total phosphorus in the water and plants, the
largest source of error in estimating WCP values is generally
-gassociated with the estimate of macrophyte biomass. To cal-
Cculate empirical 95% confidence limits for our WCP values,
gwe assumed that all the error was in the estimate of total
Dsubmersed macrophyte biomass. Phosphorus content of the
ssediments was not considered.

Results and Discussion

. Aquat. SCI

In our lakes, total submersed macrophyte biomass ranged
ﬁfrom 18 100 kg dry wt in Lake Kerr to 2 170 000 kg dry wt
iTin Lake Lochlcosa (Table 4). For our calculated potential
—water column phosphorus concentrations, 20—96% of the
.phosphorus was in the submersed macrophytes and WCP
Ovalues were 1.2—26 times the measured open-water concen-
trations (Table 4). Based on these data, there is considerable
organic matter and nutrients associated with aquatic macro-
phytes. The effect of these macrophytes on WCP values and,
therefore, trophic state assessment depends on the amount of
macrophytes relative to the total lake volume. For example,
Lake Fairview has extensive growths (49 g dry wt-m ™) of
hydrilla, pondweed (Potamogeton illinoensis), and stone-
wort (Nitella sp.). Using our measured open-water total

Comparison of lake macrophyte species. B, individual species biomass in kg dry wi; %P, percent phosphorus content; P, phosphorus standing crop in kg; NC, not

TABLE 3.

collected.

Lake

Stella

Okahumpka

Lochloosa

Kerr

Fairview

Down

Macrophyte

%P

species

et

179

Q.13
0.19

612
NC

138 000

0.56
79
5.4

0.21 1033
0.22

255
4640
720

492 000
NC

I

5 640

0.26

NC
NC

2 170 000

0.40 37
4

9 290
NC
417

0.28
0.02

188

.14

0
0.11
0.22

134 000

NC
NC
NC

Ceratophyllum demersum

Najas guadalupensis
Potamageton illinoensis

Hydrilla verticillata

0.2

.29

83

.20

0.17
0

NC

NC

SR B

NC
NC
NC
NC
NC

A

(I

NC
NC

NC
NC

NC

82 600

NC

Vallisneria americana
Mavyaca aubletii

NC

132

0.16

[N I I

NC
NC
NC
NC
NC

NC
NC
NC
NC
NC

haris baldwinnii
Sagitaria subulata

Nitella sp.

Bacopa caroliniana
Egeria densa
Myriophyllum pinnatum

Ele,

NC
NC

|

NC

PErd

[

NC

166

Filamentous algae
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E- I g phosphorus concentrations (10 mg-m~") and the criteria in
2sE os Table 1, the lake would be classified as oligotrophic and have
£33 s =8 =3 a Carlson (1977) TSI value of 37. By use of our calculated
£33 E« oy Hi WCP value (80 mg-m™>), however, the lake would be clas-
B g “é-' 2lggs § g9 sified as eutrophic and have a Carlson (1977) TSI value of 67,
=P g g1z e o 7T which is similar to other lakes located in the same physio-
'a?__) 55 Cig 2 graphic region (Canfield 1981). In contrast, macrophyte
Z % S abundance in Lake Kerr is negligible (0.4 g dry wt-m ). If
g2 the phosphorus contained in the macrophytes was released
= =} to the open water the WCP value would only be 1.6 mg-m
z g2 N - higher than the measured total phosphorus concentration of
2% 5 glse L= -m™ (Tt is would iably alter th
£EE 3 21T F " 8 mg-m~ (Table 4). This would not appreciably alter the
ZEE EloSvoons lake’s trophic state classification.

- § 9;* Sl I §, nE TR To determine if our calculated WCP values provide rea-
= b g = * sonable estimates of open-water phosphorus concentrations
e = E o B when macrophyte abundance is low, we compared our WCP
s = values to open-water phosphorus concentrations measured
R § in other lakes located in the same physiographic region
£28 =) . (Table 5). We made this comparison because studies of re-
2&¢ CRR A gional limnology have demonstrated relationships between

Ed @ > S

s L €1 HH H 4 i . . ic £
£EE il NS regional physiography and surface geology (edaphic factors)
2 § = E § % & § SES and the chemical composition and productivity of lakes fo-
= \JE ~ Swnag cated in different lake districts (Deevey 1940; Moyle 1956;
@ 27 - s Jones and Bachmann 1978). In each region, maximum

PR Ll |

E EE E o 2 measured phosphorus values are from lakes with low macro-
‘2‘% g - phyte abundance. With the exception of Lakes Okahumpka
£E D g and Stella, WCP values are within the range of measured
g 2 § Sa open-water phosphorus values and generally similar to the
23 Ao && hosphorus-rich lakes that have few macrophytes. Lake Stella
&5y + o+ H H p . . . .

& £ § N - ;}; is the only lake in its region receiving urban runoff, which
ERER ZlgRag—we= may account for the WCP value being higher than observed
928 a = phosphorus concentrations. We do not know why the WCP
£ gg - o value in Lake Okahumpka is greater than maximum phos-
E&m phorus values in the region, but Lake Okahumpka is situated
2% % & S in an area of poorly drained, nutrient-rich organic soils.
E ge=s S Where these soils occur in Florida, phosphorus values similar
:—5 Eg =& = to Lake Okahumpka’s WCP concentrations can be found
§ - 8% = AN Rl (U.S. Environmental Protection Agency 1978; Canfield
7e % 2 HEEEEME 1981), which indicates that the calculated value may not be

= @ a -
“ @B o~ unreasonable.

s §- g * g We also compared our predicted WCP value with the mea-
Ez=4 o d -W hosph ion in Lake Baldwi
g8 sured open-water phosphorus concentration in Lake Baldwin,
= §§ g Florida, where submersed macrophytes were removed by
PEE g g _ 2y use of grass carp (Ctenopharyngodon idella). In 1978, Lake
SEA o CRN E i Baldwin sugported approximately 100 000 kg dry wt of
g8 % " Hy S hydrilla, which contained 140 kg of phosphorus (Shireman
S =2 8 2 [(8888*°>° and Maceina 1981; J. V. Shireman, unpublished data}. Open-
g E 58 oooe water phosphorus values averaged 11 mg-m™’. Based on
FEER: ~ § these data, the WCP value for Lake Baldwin would be
R S e g 2 mg-m~". After hydrilla was virtually eliminated by the
= 5 g £ grass carp, the open-water phosphorus concentration in the
E5£2 P lake averaged 30 mg-m ™, substantially lower than the cal-
b E .g_;‘}, ' culated WCP value. However, our predicted phosphorus
£24 E £ concentration did not account for the phosphorus retained
e o ol o by the grass carp (72 kg) (J. V. Shireman, unpublished data).
ERES 5 ~ Correcting for this, Lake Baldwin’s WCP value would be
SZ5 8 5| & ~g ¥ 3t mg-m >, which ith th sured phosphorus
Jsgd 515 g s 3t mg-m 7, which agrees wi ¢ measured phosphorus

EEE e Bl concentration.
; % SS @ o E~ g}f;;: From these data andﬂ thO:QC in Tables 4 and 5, we suggest
A2E < SESE-HE that the importance of using WCP values to evaluate the
< 32w IZEZ RN 7
=35 L A==
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TaBLE 5.  Comparison of potential water column total phosphorus

concentrations (WCP) for the study lakes with measured phosphorus

concentrations in lakes located in the same geologic and physio-

graphic region. Data taken from Canfield (1981). Numbers in paren-

theses are empirical 95% confidence limits (see Table 4). N is number
«Pf lakes sampled.

B . -3

8 Phosphorus concentrations (mg-m ")

=

8 Observed in other lakes

c

o Lake WCP Minimum  Maximum N

o

'_Egerr 9.6 (*£0.5) 0.1 35 4

—Down 20 (£2) 2.1 25 8

%teiia 54 (£9) 0.5 25 4
airview 80 (*+16) 3.7 98 8

& ochloosa 148 (£30) 10 209 28

fTOkahumpka 420 (£96) 1.0 54 5

A

&trophic status of lakes having aquatic macrophytes is directly
"Qrelated to the macrophyte abundance per volume of lake or
Sepilimnion (our lakes were not thermally stratified). Our anal-
Obysis indicates that macrophytes have little effect on trophic
Bitate assessment when <25% of the phosphorus in the water
Ecolumn is associated with macrophytes and the mean macro-
Spfyte concentration in the lake is less than 1 g dry wt-m™
@@" able 4). We cannot at this time, however, provide definitive
Sqpiteria for when WCP values should be considered in lake
Sadsessment. Until more lakes are sampled to provide such
@iteria, we believe that decisions to use WCP values should
B made on the basis of the extent of macrophyte coverage
bg_ercem of surface area) in relation to lake volume. For large
&dCep lakes with small littoral areas, the effect of macrophytes
> dh the assessment of lake trophic state will be negligible. Our
approach, however, is likely to be most useful when classi-
fying shallow macrophyte-dominated lakes.

S There are, however, several problems associated with the
“—use of WCP values. Similar to other classification systems
based on a single criterion, information on the structural and
functional characteristics of the biotic community may be lost
—=when multivariate observations are summarized by a single
%parameter. This can be especially important when considering
Q aquatic macrophytes because these plants have a different
.~ effect on lake productivity, nutrient cycling, and perceived
trophic state characteristics than do phytoplankton. Another
g problem is that our approach may overestimate the trophic
Sstatus of some lakes. Certain macrophytes can mobilize phos-
< phorus from the sediments (Carignan and Kalff 1980). If these
£ plants transport nutrients deposited during earlier periods of
iT high nutrient loading into the stems and leaves, our trophic
— state assessment would not match assessments based on cur-
: rent nutrient loading rates. We also assumed that 100% of the
O phosphorus in the macrophytes would be released to the
overlying water. Phosphorus release from macrophytes
during die-off and decomposition, however, need not be
100% (Landers 1982); thus, phosphorus concentrations in
the water following a reduction in macrophyte abundance may
be less than calculated WCP values. Estimating WCP values

is also a labor-intensive process (accurate measures of macro-
phyte biomass requires the collection of numerous samples)
that is inconsistent with current approaches to trophic state

1717

classification, which require minimal data (Carlson 1977,
Kratzer and Brezonik 1981; Osgood 1982).

Despite the potential problems of using WCP values, we
know of no simple quantitative method for assessing the
trophic status of lakes having growths of aguatic macro-
phytes. Until research can develop a simpler alternative, we
feel that our approach reduces the danger that inappropriate
assessments of trophic status will be made for macrophyte-
dominated lakes. This is especially important because regula-
tory and management decisions are often made using open-
water nutrient, chlorophyll @, and Secchi disc transparency
data obtained from surveys of regional limnology. Values
for WCP may also prove useful for predicting the impact of
changes in macrophyte abundance oa limnological character-
istics when the nutrient supply to the lake remains unchanged.
Currently, there is no method to evaluate how open-water
nutrient concentrations, chlorophyll a values, and Secchi
transparencies will change with partial to complete removal of
macrophyte biomass by natural factors or management
practices (harvesting, herbicides, or herbivores). Using WCP
values in conjunction with simple empirical nutrient—
chlorophyll and chiorophyll—Secchi models (Dilion and
Rigler 1974; Jones and Bachmann 1976, 1978; Smith 1982)
may provide the quantitative approach needed to estimate a
lake’s response to a given level of macrophyte removal.
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