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Abstract

Data from five sampling stations for 23 dates in 1 yr show that annual phytoplankton production
in Lake Chapala is low (80 g C m~2) and governed by high inorganic turbidity. In the most turbid
region of the lake, Secchi transparency averaged 0.2 m and the vertical light (PAR) attenuation
coefficient (n”) averaged 9.7 m™'; in the least turbid region, Secchi transparency averaged 0.7 m
(n” averaged 2.3 m™').

Phytoplankton at the shallowest and most turbid station were most productive per unit volume,
while the least turbid station, with a deep circulating water column, had the lowest volume-based
production. There was a considerable rainy vs. dry season difference in water transparency and in
production. The lake became less turbid during the rainy season due to increased depth and lessened
sediment resuspension. The annual lakewide production C.V. was 34% with the greatest day-to-
day variation during the rainy season.

Phytoplankton Chl g averaged 5.4 mg m~ of the mixed water column for all regions. Chl a at
the shallowest and most turbid station averaged almost twice that of the other stations. Chl a
increased through the rainy season (as transparency and inorganic N content increased). Variation

in inorganic N accounted for the greatest variation in Chl a at each region.

Water, pigments, dissolved organic mat-
ter, and particles attenuate sunlight passing
the surface of lakes and reservoirs. Light
attenuation by phytoplankton pigments has
received much attention, because of the self-
limitation of photosynthesis imposed by the
photosynthesizing organisms (Talling 1957,
1971; Bannister 1974a). Neglected has been
the role of sunlight attenuation through
scattering and absorption by clay and silt

‘suspensoids. Yet, for many reservoirs and
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some natural lakes, phytoplankton produc-
tion is limited by light attenuation by par-
ticles and not some essential element as N
or P (Kimmel et al. 1990). The relationship

- of the light climate to algal productivity or

biomass has been described for numerous
lakes in which phytoplankton are the prin-
cipal determiners of the light climate (Bind-
loss 1976; Megard et al. 1979; Robarts 1979;
Tilzer 1983). Descriptions of this relation-
ship in lakes with significant nonalgal tur-
bidity are much fewer and began with the
reservoir studies of Murphy (1962).

In this paper, we examine the role of high
clay turbidity in regulating the light climate
relative to both phytoplankton production
and biomass and relate this to the trophic
state of Lago de Chapala (Lake Chapala).
The unusually high clay turbidity and the
N and P concentrations and ratios of the
lake provide an opportunity to examine
several established limnological relation-
ships of algal production and biomass to
governing physical and chemical variables.
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Table 1. Morphometric variables of Lake Chapala
at normal (1,524 m above mean sea level) and the low
water levels during this study (data from Subdireccion
de Estudios 1981).

Walter level
Variable 1,524 m 1,521 m

Volume (10¢ m?) 7,962 4,667
Area (km?) 1,112 1,039
Max length (km) 77 75
Max width (km) 225 22.5
Max depth (m) 10.5 7.5
Mean depth (m) 7.2 4.5
Perimeter (km) 215 209.5
Relative depth (%) 0.028 0.021
Shoreline development

index 1.82 1.83

Although a body of literature on tropical
lakes exists, Lewis (1987) suggested that it
is diffuse, fragmentary, and difficult to use.
Generally, compared with temperate lakes,
tropical lakes have greater annual phyto-
plankton production (Brylinsky and Mann
1973), less seasonal variation in phyto-
plankton production (Melack 1979a; Ro-
barts 1979), and a more important role for
nutrients rather than light or temperature
in limiting phytoplankton production (Lew-
is 1987). Either N or P may limit phyto-
plankton production with, perhaps, N more
frequently limiting (Wurtsbaugh et al. 1985).
Exceptions to these generalities abound.
Schindler (1978) and Hammer (1980) found
that the annual production of tropical lakes
was not significantly different from that of
temperate lakes. Hecky and Kling (1981)
found great seasonal variability in both phy-
toplankton production and biomass. P often
limits production in tropical lakes. Schind-
ler (1978) and Thornton and Walmsley
(1982) independently have shown that
P-loading models developed on temperate
lakes predict phytoplankton production or
biomass in numerous tropical lakes. Dava-
los et al. (1989) found for Lake Chapala that
nutrient control of phytoplankton growth
was secondary to light control due to high
inorganic turbidity.

Doubt persists whether fundamental lim-
nological differences in tropical lakes dis-
tinguish them from temperate lakes. Com-
plex interactions, or higher order effects,
resulting from fundamental differences be-
tween temperate and tropical lakes remain

to be studied (Lewis 1987). Within the trop-
ics limnological groups of lakes (sharing
common characteristics) are as distinct from
other tropical lake groups as they are from
temperate lakes. A little-investigated group
consists of high latitude (15-23°N or S) trop-
ical lakes. Because the meteorological con-
ditions of these global belts make them
semiarid, these lakes may be as distinct from
equatorial lakes as from temperate lakes.
Investigations of lakes such as Chapala may
reveal a temperate-to-tropical lacustrine
continuum.

Lake Chapala

Lake Chapala is the largest natural lake
in Mexico. The lake, a part of the Rio Ler-
ma-lLago de Chapala-Rio Santiago drainage
system is located between 102°42'00”
and 103°25'30"W and 20°06'08” and
20°18'08”"N. The surface elevation, nor-
mally at 1,524 m above mean sea level, has
been declining since 1976 (Limén and Lind
1990). It had fallen to 1,521 m at the time
of our study. At this latitude and elevation
the lake falls at the intersection of polymic-
tic, warm monomictic, and amictic thermal
lake types according to Hutchinson and
Loffler (1956). The lake is polymictic and
only stratifies for a few hours on rare non-
windy days. We described the regional ge-
ology and the physical and chemical prop-

erties elsewhere (Limoén et al. 1989; Limon

and Lind 1990).

The lake is very shallow (Table 1, Fig. 1)
(Limon et al. 1989). The seasonal depth
change is ~1 m. Table 1 compares the mor-
phology of the lake at the long-term surface
elevation (1,524 m) with the morphology at
its elevation (1,521 m) during our study.

It is a moderately hard-water (mean total
hardness = 148 mg liter ! CaCQ,), alkaline
(median pH = 8.7), CaCO; (mean total al-
kalinity = 187 mg liter™! CaCO;) -domi-
nated lake. Particularly relevant is the low
N:P ratio (TN: TP = 1.5) and great tur-
bidity [mean photic depth (1% surface il-
lumination) = 0.6-2.1 m depending on re-
gion].

Methods

Five sampling stations were about equi-
distant and diagonally across the 76-km
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Fig. 1. Lake Chapala, Jalisco, Mexico. Above: location of sampling stations used in former limnological
investigations (lightface type) and the subset selected for investigation of phytoplankton production and its
regulation (boldface type). Also shown are the principal lakeside towns. Below: bathymetric map (depths in
meters) showing the flat-bottomed basin and the principal point of input (Rio Lerma) and output (Rio Santiago).

length of the lake (Fig. 1). Water samples
were collected at each station to measure
phytoplankton production and biomass,
nutrient concentrations, and turbidity. There
were 23 sampling series (about every 2
weeks) between June 1983 and June 1984.
Because the lake is so large, all five stations
could not be sampled on the same day; three
stations were sampled on the first day of a
series and three on the second day. Midlake
station 15 was sampled each day, which al-
lowed evaluation of day-to-day variation for
this station.

Samples were taken between 0630 and
0930 hours. Temperature was measured by
thermistor thermometer, visibility by Sec-
chi disk, and light (PAR) attenuation by ra-
diometer (Lambda Instr.) in the quantum
mode. The depth of the euphotic zone (Z,,),

calculated from light attenuation data, was
related to Secchi depth as Z,, = 3.04 (Secchi
depth) (SE = 0.07, n = 53).

Water was collected by submersible elec-
tric pump from four depths (normally sub-
surface, 0.5, 1, and 2 m). Samples for algal
biomass and chemical analyses were stored
in acid-washed polyethylene bottles. Some
bottles from each set were preserved with 2
ml of concentrated H,SO, liter~!, and all
were placed in blackened, insulated chests
filled with lake water to maintain ambient
temperature.

In the laboratory, 1 liter of unacidified
sample was filtered through washed Gelman
type A/E glass-fiber filters. The filters were
frozen for later chlorophyll analysis. The
filtrate was refrigerated for analysis of sol-
uble reactive P (SRP). Additional unacidi-
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fied samples were taken to determine pH,
total alkalinity, turbidity, and NH,-N and
NO;-N. The acidified sample was used for
analysis of total P (TP) and total N (TN).

Phytoplankton production—Samples were
taken from each depth to measure phyto-
plankton production (NPP) by the “C up-
take method (Steemann Nielson 1952 as
modified by Lind 1979). Replicate 125-ml
light and dark bottles with added Na!'*CO,
(1 uCi) were incubated in the lake at the
collection depth. Incubation of all samples
was at a single midlake station located near
station 15. Light intensities, as a percent of
surface-penetrating light, averaged 100,
3248, 11+6, and 1£1 (mean = SD, n =
46) for the surface, 0.5-, 1.0-, and 2.0-m
incubations. Incubations were for 2 h at
midday (typically 1030 to 1230 hours CST)
and were halted by placing the bottles in
crushed ice in a blackened, insulated chest.
In the laboratory the samples were filtered
onto 0.45-um Gelman membrane filters,
rinsed with 2% HCI, and then distilled wa-
ter. Radioactivity of the phytoplankton was
determined by liquid scintillation counting.
Three times during the year the total daily
phytoplankton production was measured by
sequential short-term incubations. The usu-
al 2-h midday incubation accounted for an
average of 31% of'the daily production (range
= 29-34%). This factor was used to com-
pute daily production from the 2-h incu-
bations.

In this paper we report and interpret three
different aspects of phytoplankton produc-
tion. Production on an areal basis (P;,, with
units of mg C m=2 d-') estimates phyto-
plankton organic matter contribution to the
lake. The average volumetric production
through the mixed depth (P,,;, with units of
mg C m~3 d-!) describes how concentrated
or dilute is the production. Because the lake
rarely stratified, the mixing depth (Z,,;;) was
the water-column depth. The maximum
volumetric production rate in the water col-
umn divided by the phytoplankton biomass
‘at that depth is the photosynthetic capacity
[P..p With units of mg C (mg Chl a)™' h™! =
assimilation number = P,,, of Bindloss
(1976), P of Talling (1957), and A,,,./B of
Robarts (1979)].

Lind et al.

Photosynthetic efficiency was calculat-
ed as

% eff. = mg Cm~2min~! x 11
x 100/uEinst PAR m~2s~! x (.7
x 1.72 x 10~

where 11 converts C to calories (assuming
average organic matter = 50% C and 5.5 cal
mg~! organic matter), 0.7 is percent incident
energy passed into the water column, and
1.72 x 1074 approximately converts uEinst
PAR m™2s™! to cal cm~2? min~! (Wetzel and
Likens 1991).

Phytoplankton biomass-—The water col-
umn was always well mixed and there was
no difference in biomass (Chl a) at any depth;
thus a single composite photic zone sample
was used. Glass-fiber filters were macerated
and the pigments were extracted in 90% ac-
etone. Extract absorbance was measured on
a Shimadzu UV-240 narrow band-pass
spectrophotometer, and Chl a was calculat-
ed with the trichromatic equations of
Strickland and Parsons (1972). No correc-
tion for pheopigments was made.

Chemical analyses—Each chemical de-
termination was made in duplicate. Internal
standard additions were used routinely. SRP
and TP (following persulfate digestion) were
determined by the molybdate method
(Murphy and Riley 1962). NH;-N was mea-

sured by the phenolhypochlorite method

with nitroprusside catalyst (Solorzano 1969).
NO,-N was determined by batch Cd reduc-
tion (Davison and Woof 1978). TN was de-
termined by micro-Kjeldahl digestion with
the NH,; measured by ion-selective elec-
trode (U.S. EPA 1979). Total alkalinity and
pH (for calculation of inorganic C for pro-
duction calculations) were determined by
titration with 0.02 N H,SO, and pH meter
(Lind 1979).

Data analyses—Variation among the 23
sampling series and among the five stations
was evaluated by two-way ANOVA fol-
lowed by the Student-Newman-Keul’s test
(SNK) to identify differences among groups.
Stations were considered a fixed effects fac-
tor and series considered a random effects
factor. Multiple stepwise regression re-
vealed the relationships between Chl g and
ambient physical and chemical variables.
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Table 2. Mean + SD, annual range (in parentheses), and C.V. (%) of net daily phytoplankton production
and biomass at each station. Within each column, means that are not significantly different from each other
(SNK, P < 0.05) are assigned the same letter. P;,—Integral production (mg C m-2 d-'); P,.,,—mean volumetric
production within the mixed water column (mg C m~3 d!); biomass—mean biomass within the mixed water
column (mg Chl 2 m~3%); P, —maximum Chl a-specific production {[mg C (mg Chl a)~! h™']. (n = 23 except
station 15 where n = 46.)

Sta. Py P Biomass P,
3 [¢ 249+81 c 56+18 b 5.0+2.5 a 9.6x4.4
(west end) (67-423) (18-102) (1.6-11.0) (3-22)
32 32 50 45
11 c 281£140 b 41£22 a 4.5+2.1 a 10.6+4.3
(129-784) (22-130) (0.9-9.8) (5-21)
50 54 47 41
15 b 209+80 a 3012 a 4.2+1.4 a 10.0£5.6
(74-454) (10-66) (1.5-8.0) (4-33)
34 40 33 55
28 b 213+£75 b 42+16 a 4.3x1.6 a 10.5+5.5
(100-374) (18-87) (1.9-8.1) (3-24)
35 38 37 50
26 a 151+£93 d 86+73 c 9.3+3.4 a 10.2+6.0
(east end) (6-348) (4-329) (2.2-14.1) (3-26)
62 85 37 59

Because phytoplankton biomass accumu-
lation is a function of prior environmental
conditions, the regressions were run on
phased data. The phasing was accomplished
by the moving average method where, for
each independent variable, data from the
date of interest and data from the preceding
sampling series were averaged. For regres-
sion analyses, we first examined the corre-
lation matrices and no problems of multi-
collinearity (r > 0.75) were found. The
variance was not significantly different
among groups, and no data transformations
were made. The assumptions of the regres-
sion model were verified through exami-
nation of the residuals.

Results

Phytoplankton production — Annual areal
production of the entire lake averaged only
80 g C m~2. Production was not homoge-
neous either across the lake or through time
(Table 2). P, was lowest at station 26 which
averaged only 151 mg Cm~2d-! and highest
at station 11 which averaged 281 mg C m™2
d~!. These differences are apparent in the
photosynthesis per cubic meter vs. depth
profiles (Fig. 2). The phytoplankton com-
munity per unit volume (P,;,) at station 26

was much higher than at any other station.
Station 15, with the deepest circulating wa-
ter column had the lowest P,,;,. The differ-
ences in production among stations were
significant (P < 0.05) (Table 2). Although
there were large differences among the
regions of the lake in P, and P,,,, the pho-
tosynthetic capacity of the phytoplankton
(P.,p) Was similar among regions,

P, varied through the year (Fig. 3), with
the greatest variation at station 26 (C.V. =
62%) where the highest daily rate was >50
times the lowest daily rate (Table 2). The
extreme low value at station 26 occurred
early in the rainy season and was due to
severe light limitation (Secchi depth <5 cm)
caused by inflow of extremely turbid water
from the Rio Lerma after heavy rainstorms.
Seasonal differences at the other stations
varied by a factor of about four to six. P,
for all stations was significantly (P < 0.001)
but poorly related to irradiance (Fig. 4).
Scatter in this relationship increased with
higher irradiances. There was a similar re-
lationship between P, and irradiance. The
lakewide average C.V. for P,,, was 43%.
Short-term (day-to-day) variation was com-
pared with annual variation at station 15
where successive day sampling occurred.
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Phytoplankton Production
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Fig. 2. Mean annual phytoplankton production by
station at each depth of incubation (shaded) compared
with normalized production at optical depth (M). Op-
tical depth calculation given in text.

Here the annual C.V. (based on the mean
of the paired day samples) was 34% (95%
C.I1. = 24.2-43.8), while the average short-
term (between paired days) C.V. was 21%
(95% C.I. = 12.4-29.6).

Seasonal patterns of P, (Fig. 3) were dif-
ferent among the stations, as indicated by
a significant interaction between series and
station in the two-way ANOVA. Each sta-
tion responded with a maximum at the start
of the rainy season but subsequent patterns
were different for the different regions. At
the west end, station 3 had a general increase
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Fig. 3. Seasonal patterns of net phytoplankton pro-

duction (line) and phytoplankton biomass as Chl a
(bars) for the east—-west-oriented sampling stations.
Background shading indicates the rainy season.

through the rainy season and reached a
maximum at the start of the dry season.
Station 11 achieved its second maximum
in the middle of the rainy season with a
decline through the remaining year. At mid-
lake station 15, production generally was
higher and variable in the rainy season. At
the east end (stations 28 and 26), produc-
tion, high at the beginning of the rainy sea-
son, decreased sharply. After a recovery to-
ward the end of the rainy season, production
declined and remained low through the dry
season.

Factors regulating production —Phyto-
plankton biomass averaged 5.4 mg Chl a
m~3 of the mixed water column for all sta-
tions. Station 26 averaged about twice the
Chl a concentration of the other stations
(Table 2). The pattern of among-station dif-
ferences in biomass was the same as for P,;,
with the midlake stations having signifi-
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cantly less than stations at either end of the
lake.

Seasonal variation in algal biomass was
greatest at the west end of the lake (C.V. =
50%) (Table 2). Thus, unlike P;;,, the annual
C.V. (37%) of Chl q at station 26 was com-
parable to the other stations. Also unlike
P, the seasonal pattern of Chl a was sim-
ilar at each station (Fig. 3). After an initial
decline with the onset of the rainy season
(dilution), phytoplankton biomass in-
creased through the rainy season and reached
a maximum near the beginning of the dry
season (Fig. 3). The biomass maximum at
station 15 lagged behind the maxima at sta-
tions 3 and 11. This lag is consistent with
the water circulation patterns (Limoén et al.
1989). Algal biomass at stations 3, 11, and
15 declined rapidly in the dry season and
remained relatively constant until the next
rainy season. At stations 26 and 28, the de-
cline of biomass (Chl a) at the start of the
dry season was followed by a second max-
imum, followed by a decline and then a third
increase in concentration at the transition
of the dry to the rainy season. At these sta-
tions, the declines in biomass during the dry
season corresponded to major rainstorm
events in the watershed.

A seasonal difference in photosynthetic
capacity is apparent from Fig. 3. P,,, at each
station was significantly greater during the
rainy season than during the dry season (¢-

500

;

;

P, . (mg Cm2d7)
3

(=

Einst m2 d-1

Fig. 4. Relationship of PAR to integral water col-
umn phytoplankton photosynthesis (2;,,).

test, P < 0.001). The mean annual P, was
high with a range of 9.5-10.6 mg C (mg Chl
a)~! h™! (Table 2).

Lake Chapala was highly turbid (apparent
gray-brown), yet there were significant
among-station differences in water trans-
parency (Table 3). The lake has two opti-
cally different regions—a small eastern re-
gion represented by station 26 (and station
28 to a minor extent) and the remainder of
the lake. Station 26 always had the most

Table 3. Mean * SD, annual range (in parentheses), and C.V. (%) of selected optical and physical features

of each station.

PAR attenuation

Sta. Secchi depth (m) ‘ coefficient (m~') Photic depth (m) Lake depth (m) Zin: Zou

3 0.6+0.2 2.5+0.4 1.9+0.4 4.4x0.5 2.4+0.6
(0.4-0.9) (1.6-3.8) (1.0-2.4) (3.4-5.0) (1.8-4.8)

33 16 21 11 25
11 0.7+0.2 2.3+0.5 2.1+0.4 6.9+0.5 3.4+0.7
0.4-1.1) (1.2-3.0) (1.4-3.4) (6.0-7.4) (2.0-5.3)

28 22 19 7 20
15 0.6+0.1 2.6x0.3 1.8+0.3 6.9+0.5 4.0£0.8
(0.4-0.9) (1.8-3.1) (1.0-2.8) (6.0-7.4) (2.3-6.7)

17 12 17 . 7 20
28 0.5+0.2 2.9£0.8 1.8+0.4 5.2+0.5 3.2+0.9
(0.2-1.0) (1.9-6.2) (1.0-2.4) (4.2-5.7) (2.2-5.2)

40 28 22 10 28
26 0.2%+0.1 9.7+3.2 0.6+0.3 1.9+0.5 3.7£2.0
(0.03-0.7) (2.8-16.8) (0.2-1.6) (1.0-2.4) (1.5-9.4)

50 33 50 26 54
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Fig. 5. Relationship of water transparency to the
Chl a content of the average cubic meter in the water
column. Data from station 26 —[1.

turbid water. At this station the Secchi
transparency averaged only 0.2 m, the ver-
tical attenuation coefficient averaged 9.7
m~}, and the photic depth was almost al-
ways <1 m. Station 11 consistently was the
least turbid. At station 11 the photic depth
always exceeded 1 m and averaged >2 m.

Solar input to the surface was almost al-
ways above saturation for photosynthesis.
Daily irradiance averaged 42.7+6.9 Einst
m~2 d-!, Surface inhibition of photosynthe-
sis occurred on 121 of 138 station-dates.
Ten of the remaining station-dates when
P,.. was at the surface occurred when ir-
radiance fell below 28 Einst m~2 d~! because
of cloudiness. Surface P,... values at the re-
maining seven station-dates were all attrib-
utable to higher than average turbidity, and
six of these were from station 26.

Algal content of the water column had

negligible influence on the light attenuation
coefficient or Secchi transparency in the lake
(Fig. 5). Neither was correlated with the Chl
a concentration (P > 0.5, n = 30) for data
from the central and western regions (Sta.
3,11, 15, and 28) which for 5” grouped tight-
ly in the lower left of the figure. Including
data from station 26 results in a significant
correlation (" = 0.94 Chl a + 0.16, r2 =
0.6, P < 0.001; Secchi = ~0.04 Chl a +
0.76, r2=0.28, P < 0.001). This correlation
probably is spurious as the slope of the re-
gression is > 100 times that commonly re-
ported, there is no correlation within the
station 26 data, and the weak correlation of
Secchi depth with Chl @ was not curvilinear
as predicted by the theory of Preisendorfer
(1976) and confirmed by Tilzer (1988).
Without question, the high light attenuation
in the lake is principally caused by inorganic
turbidity of the water.

Turbidity is not as important to phyto-
plankton production as is the ratio of Z,,;,
10 Zoy- Zix : Z, Was greatest at midlake sta-
tion 15 (Table 3). The larger this ratio, the
less time a circulating phytoplankton cell is
photosynthesizing. Because of its shallow-
ness, station 26 had no less favorable light
climate for photosynthesis than did the oth-
er less turbid but deeper stations.

The overall weight ratio of TN to TP was
only 1.47 (Table 4). The mean ratio of in-
organic N to inorganic P varied from a high
of 0.92 at station 26 to a low of 0.26 at
stations 3 and 11. Unlike most lakes, most
of the TP was inorganic and SRP averaged
93% of TP.

There were significant among-station dif-
ferences in concentrations of P and N. Con-
centrations at station 26 were generally
greater than at the other stations. Concen-
trations at the other four stations were sim-
ilar for all nutrients except NO;-N which
had a marked east-west gradient (Table 4).

Although both P and N varied signifi-
cantly through the year, the variability in N
was much greater. The C.V. among sam-
pling series at any station for any form of
N was always >50% and often approached
or exceeded 100%. On the other hand, the
C.V. for TP or SRP was always <20%. P
varied throughout the year conservatively,
much like total alkalinity (Fig. 6).

Each form of inorganic N had a strong
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Table 4. Mean + SD, annual range (in parentheses), and C.V. (%) for the concentration of forms of N and

P at each sampling station. Within each column, means that are not significantly different from each other (SNK,

P < 0.05) are assigned the same letter.

Soluble

Total P inorganic P NO,-N NH,-N Total N
Sta. (ug liter ') (mg liter~!)
3 ba 426+57 a 388x43 a © 53+56 a 48+52 a 0.58+0.46
(368-587) (315-468) (—273)* (=273)* (0.04-2.12)
13 11 106 108 79
11 a 424+55 a 39241 a 62+45 a 38+23 a 0.60+0.51
(361-582) (335-488) (13-195) (11-107) (0.05-2.05)
13 10 72 60 85
15 ba 428+£55 b 403+46 b 190+185 a 44+27 a 0.61+0.59
(370-585) (326-531) (18=729) (15-125) (—3.20)
13 11 97 61 97
28 b 433+49 b 405+46 b 186+187 a 49+29 a 0.62+0.51
(381-574) (345-530) (—649)* (16-118) (0.04-2.29)
11 11 100 59 82
26 c 487+93 c 452+81 c 255356 b 159+324 b 0.86+0.48
(387-800) (365-702) (20-1,443) (—1,628)* (0.13-1.86)
19 18 140 204 56

* Below detection limits.

seasonal pattern at each station (Fig. 7), but
the pattern was more evident for NO;-N at
most stations. Concentrations were much
greater in the middle and latter part of the
rainy season, especially at the eastern end
(station 26) and the middle (stations 28 and
15) of the lake. Annual maxima at the west-
ern stations (11 and 3) were smaller and
later in the year.

Discussion

Understanding of the functioning of wa-
ters with a high content of suspended clays
is poor even though many lakes and reser-
voirsare “muddy.” High turbidity produces
problems in productivity assessment not
encountered in clear or algae-turbid lakes
(Grobbelaar 1989). High-order effects, such
as different sources of turbidity and Z,, :
Z.,, have not been well investigated in trop-
ical lakes (Lewis 1987). Our data show that
annual phytoplankton production in Lake
Chapala is very low and governed by in-
organic turbidity. We also established that
there is substantial wet vs. dry season vari-
ation in production, biomass, and environ-
mental variables in this tropical lake.

Phytoplankton production as controlled
by light climate and phytoplankton bio-
mass—The low annual lakewide produc-
tion of only 80 g C m~2 compares to that of

oligotrophic temperate lakes having a def-
inite nonproductive season. The range of
mean lakewide daily production (151-281
mg C m~2) in Lake Chapala can be con-
trasted with the extreme of Lake Arangudi,
Ethiopia, at 16,000-21,000 mg C m~2 d-!
(Talling et al. 1973) and other highly pro-
ductive tropical lakes: Lake Mcllwaine,
Zimbabwe, with 1,640-6,000 mg C m=—2d-!
(Robarts 1979), Lake Lanao, Philippines,
with 1,700 mg C m=2 d-! (Lewis 1974), and
Lake Victoria with 1,750 mg C m2 d!
(Talling 1965). Somewhat lower, but still
greatly exceeding Lake Chapala, are Lake
Tanganyika at 1,000 mg C m~2 d-! (Hecky
and Fee 1981), Amazon Lake Castanho at
800 mg Cm~2d~! (Schmidt 1973) and Lake
George, Uganda, at 375 mg Cm~2d-! (Ganf
1972) as well as numerous Kenyan lakes
(Melack 1979b; Melack and Kilham 1974).
Hammer (1980) concluded that in tropical
lakes, the high production potential offered
by high sunlight and temperatures often is
limited or inhibited by other factors, as is
the case for Lake Chapala. Below we con-
sider factors limiting the photosynthetic
production of the lake.

Talling (1975) proposed a simple model
to predict areal photosynthetic production
of phytoplankton. It incorporates three fac-
tors: the maximum (light saturated) rate of
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Fig. 6. Effect of rainy season dilution on conser-
vative variables. The seasonal pattern of TP (line) is
similar to that for total alkalinity (bars). Background
shading indicates the rainy season. (Note scale change
for station 26.)

photosynthesis per unit volume of water
(units, mg C m™ h™'), water transparency,
and a light factor relating incident solar ra-
diation to the photosynthetic efficiency of
the plankton. The model is robust, giving
accurate predictions in various types of lakes
(e.g. Bindloss 1976; Ganf 1975). However
the model underestimated production in a
hypertrophic lake (Robarts 1984).

For Lake Chapala we found that integral
production can be estimated from an em-
pirical equation (Fig. 8). Chl a and Z,, are
basically independent of each other in this
lake. Using Bannister’s (1974b) estimate of
light attenuation due to phytoplankton
(0.016 m~! mg~! Chl) we estimate that PAR
attenuation by algal chlorophyllis <3%. Our
empirical equation is similar to Talling’s
model although our model contains no fac-

JJJAASS8S OONNDDJJ FMAAMJ J

Fig. 7. Seasonal patterns of NO,-N (@) and NH;-
N (W). The pattern of Chl a concentration (broken line)
is shown also. (Note the doubling of scale for station
26.)

tor accounting for incident solar radiation.
The result of this omission is not unex-
pected. Jewson (1976) has shown that if the
light function is uniform, then Talling’s
model can be simplified by substituting a
constant in place of the solar light function.
For Lake Chapala the insensitivity of the
data to the light function parameter prob-
ably reflects the muted variability in irra-
diance and temperature. The light function
parameter actually has two determinants,
the variation in the photosynthetic capacity
of the phytoplankton and variation in in-
cident irradiation. Because the photosyn-
thetic capacity is principally a function of
temperature (Jewson 1976), which varies
over a much smaller range in tropical lakes
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(Lake Chapala C.V. = 8%), and because ir-
radiance is relatively invariant (Lake Cha-
pala C.V. = 19%), the entire light function
may be considered a constant.

A linear model predicting P, was devel-
oped by Cole and Cloern (1987) for estu-
aries with nonalgal turbidity (algal light at-
tenuation <5%). Using algal biomass (B),
photic depth (Z,), and surface irradiance
(1), they found a highly significant rela-
tionship of the product of the variables with
Py [P =150 + 0.73 (B X Z, X Ip), r? =
0.82]. For Lake Chapala the relationship was
much less with the slope of the regression
being less than half that for the estuaries
[Py =109 + 0.34 (B X Z, X 1), r* = 0.40}.
As shown previously (Fig. 4), the relation-
ship between daily irradiance and P,,, var-
ied. Platt et al. (1988) reviewed several

" marine studies and found Chl-specific pro-
duction (P.,,) strongly related to surface ir-
radiation (72 ranged from 0.5 t0 0.92), which
was not found for Lake Chapala where P,,,
[mg C (mg Chl @) h™1] = =32 + 2.0 (),
r? = 0.2. The negative intercept perhaps im-
plies a nonlinear relationship. A nonlinear
relationship was used by Platt et al. (1988)
to explain the consistent positive intercept
for the various marine systems.

Talling (1957) and Bindloss (1976) ap-
plied the concept of optical depth (OD) to
standardize photosynthesis in lakes of dif-
ferent transparencies due to algal biomass.
OD is defined as k,,;,z/In 2 where z is the
depth in meters and k,,;, is the attenuation
coefficient of the most penetrating wave-
length. This dimensionless scale effectively
allows comparisons of photosynthetic ac-
tivity independent of light attenuation. For
lakes where the interest has been in algal-
based light attenuation (self-shading), k.,
is for green wavelengths. This is inappro-
priate for Lake Chapala where scattering by
clay suspensoids predominates. Lind (un-
publ.) recently compared the attenuation of
different spectral regions (at the incubation
station) and found the vertical attenuation
cocfficient for red light was 4.6 m~! whereas
that for green light was 6.2 m~!. Light at-
tenuation was measured in this study as
total PAR, thus we used k,, (which ap-
proximates the 1.33 k., of Talling) for
among-station comparisons (Fig. 2).

500 _

P (mgCm2al)

o 100 200
PmaxxChla xZ ¢y

Fig. 8. Application to Lake Chapala data of the
modification of Talling’s (1957) model for predicting
water column production (P,,). Line of best fit and
95% C.L. of the slope are shown [P, = 2.5 (Pmax %
Chla x Z,) + 46.8, r2 = 0.82].

These normalized comparisons of pro-
duction profiles originally used for algal light
attenuation were found to be equally ap-
propriate for clay-caused light attenuation
in the lake. Production vs. depth profiles for
depth of incubations and for calculated OD
are compared in Fig. 2. The depth distri-
bution of the annual average production was
very different for station 26 than the four
other stations which were similar. Produc-
tion can be normalized by conversion to a
percent of P_,... When this is plotted against
OD to remove the effect of different water
transparency, the among-station differences
are minor. Indeed clay turbidity is the cause
of the realized difference in production be-
tween station 26 and the other stations. The
single minor difference seen in the presen-
tation in Fig. 2 of these Talling plots is the
lesser percent surface inhibition in this high-
ly turbid water. Apparently the turbidity
within the surface incubation bottles pro-
vided sufficient shading to lessen the impact
of intens¢ surface radiation.

P, was uniform and, on average, high
across the lake. The range of mean P,,, [9.6—
10.6 mg C (mg Chl a)~'] equaled or exceed-

'
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Table 5. Multiple stepwise regression of phytoplankton Chl @ on the moving average of selected physical
and chemical vaniables. The moving average approximates the variable state 1 week preceding the chlorophyll

sampling date (P < 0.05).

Sta. Cumulative r? Regression equation
3 0.43 Chla = 13.5 — 17 NH,-N + 18 NO,-N — 22 SRP
11 0.62 Chl a = 12.7 + 32 NO;-N — 26 SRP
15 0.52 Chla=4.8 —42NH;-N - 16 SRP + 025 T + 7 Z,.: Z.,
28 0.62 Chia =4.3 — 89 NH;-N — 13 PZ/TZ + 26 SRP — 0.6 "
26 0.50 Chla=22.6 — 12NO;-N — 0.8 %" + 8 NH;-N - 12 Z_...: Z.,

ed that of other lakes. Such values are prob-
ably the result of the combination of warm
and turbid water. The intensity of illumi-
nation required to saturate and then inhibit
phytoplankton photosynthesis increases as
temperature increases and the photosyn-
thetic capacity of phytoplankton adapts to
the lake’s light climate with a compensation
occurring as the light climate becomes less
favorable (Wetzel 1983). The uniformity of
the light climate of Lake Chapala parallels
the uniformity of P.,,. Although there were
only small differences in either P, or light
climate among the lake’s regions, station 3
with the most favorable mean light climate
also had the lowest mean P.,,. Lake Mc-
Ilwaine, a tropical African lake, averaged
8.1 mg C (mg Chl a)~! (Robarts 1979). Two
turbid subtropical reservoirs, Wuras Dam
[avg = 6.4 mg C (mg Chl a)~'] and Verwoerd
Dam [avg = 5.4 mg C (mg Chl a)~!] (Grob-
belaar 1989) were lower but still higher than
clear, temperate Lake Constance where the
annual average was 3.12 mg C mg (Chl a)™!
(Tilzer 1983). It is difficult to resolve tem-
perature effects from turbidity effects.
Inorganic turbidity was high due to re-
suspension of sediments throughout the
year. Although shallow lakes have a poten-
tial for high production, it will be unrealized
if resuspension of sediments significantly
increases light attenuation (Bindloss 1976).
The degree of resuspension is a function of
fetch, wind velocity, and the nature of the
sediments. For Lake Chapala, the elongate
basin channels wind along the east-west
long axis, and ~80% of the time the wind
is from the east. The clays are unusually
small with a mean diameter of 0.5 ym. In
many lakes, highest inorganic turbidity ac-
companies periods of rainfall due to runoff
of clays from the watershed. For Lake Cha-

pala, the pattern is the opposite. Despite
transient periods of extremely high turbid-
ity at the onset of the rainy season near the
Rio Lerma inflow, the rainy season brings
about the greatest transparency over most
of the lake. For example, at station 15, the
mean vertical attenuation coefficient for the
1983 rainy season samples (# = 19) was 2.4,
whereas for the dry season (n = 27) it was
2.7. The irradiance reaching 0.5 m (depth
of P, at station 15) was 35% greater for
the rainy season sampling dates when ir-
radiance at the lake surface was only 15%
higher. This clearing of the water is the re-
sult of a significant deepening of the lake (1
m when the mean depth is only 4.5 m) with
a lessening of sediment resuspension and a
dilution of the suspensoids by direct rainfall
on the lake surface. Direct rainfall on a lake
surface can be large in tropical regions. Lake
Chapala received rain almost every day from
June through August and frequently 25 mm
d-! for several consecutive days (see Limoén
and Lind 1990 for details of the water bud-
get).

Nutrients and not factors of the light cli-
mate explain much of the variation in algal
biomass (Table 5). Variation in inorganic N
accounted for the greatest percent variation
(r?) in Chl a at each station. However, the
form of N'was different for different stations
and without apparent pattern among sta-
tions. The cause and effect relationship is
difficult to assess in such a dynamic inter-
action between the algal biomass and the
limiting chemical element. The sign of the
interaction between N and Chl a varied
among stations and form of N. Factors re-
lating to the light climate (", Z,;\ : Z..) €n-
tered the predictive regression equation only
weakly for the central and the eastern regions
(Sta. 26 and 28).
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Production in Lake Chapala 561

Algal bioassays made during this study
indicate that N is the limiting nutrient (Da-
valos et al. 1989). However, because these
assays were performed in the laboratory un-
der much higher light intensities than pres-
ent in the turbid lake, they do not really
address the question of in situ limitation by
factors other than nutrients. In fact, the as-
says indicate that the nutrients in the water
can support much higher concentrations of
algae than actually present. The control cul-
tures in the bioassay invariably also in-
creased in biomass although not as much as
those with added N. Schelske et al. (1978)
argued that if nutrients are present in mea-
surable quantities, they probably are not
limiting phytoplankton growth. In Lake
Chapala, inorganic N concentrations were
rarely low enough to approach detection
limits. Assuming an algal C: N ratio of 5.7
(Wetzel 1983) and a C: Chl ratio of 30, the
inorganic N present at station 26, for ex-
ample, could produce 2,360 ug liter~! of al-
gal C. The mean algal biomass present at
that station was much less at 279 ug C li-
ter'!. N addition under laboratory condi-
tions may stimulate growth, but N is not
the overall limiting factor for NPP in the
lake.

High inorganic turbidity limits accumu-
lation of algal biomass in the lake because
it increases Z,,;, : Z.,. In a well-mixed lake,
the photosynthetic energy available for phy-
toplankton growth is strongly regulated by
the depth of the euphotic zone in relation
to the overall mixing depth of the water
column. For many moderately clear, strat-
ified temperate lakes, Z., > Z,.,. But, be-
cause mixing depth always exceeds photic
depth in turbid lakes, Grobbelaar (1985,
1989) argued that the depth of the mixed
layer is the most important factor regulating
production. Yentsch (1981) examined the
concept of mixing depth as a constraint on
net photosynthesis and showed that as the
mixing depth exceeds the photic depth the
ratio of gross photosynthesis per meter
squared to respiration per meter squared
drops exponentially. Furthermore, if algal
respiration equals 10% of P,,,, the critical
mixing depth (where water column respi-
ration = gross photosynthesis) is ~6 x the
photic depth. However, this factor is de-

pendent on the assumed algal respiration
rate. At an algal respiration rate of 10% of
production, the phytoplankton at station 3,
for example, always would be capable of
positive net water-column production.
However, if the respiration rate were 20%
of P, the respiratory demands of the
plankton would exceed gross photosynthet-
ic production on 11 of the 23 sampling dates.
Talling (1971) suggested that many natural
phytoplankton populations will not be ca-
pable of positive net photosynthesis when
Z ix » Zey €Xceeds 5. For Lake Chapala, the
annual mean ratio was 4 or less at all sta-
tions, which should have favored higher
production. However, in warm environ-
ments, algal respiration may be higher and
the critical depth less than for temperate
lakes.

In addition to Z,;, : Z.,, another factor is
the rate of phytoplankton circulation
through the euphotic and aphotic zones.
Denman and Gargett (1983) calculated, for
the oceans, that the time for cycling through
a 10-m water column by turbulence could
vary from as little as 0.5 h to hundreds of
hours. Fluctuating light intensities may in-
crease photosynthetic efficiency through
wave focusing and this increased efficiency
varies with the wavelength. Red light (that
with the lowest attenuation in Lake Cha-
pala) had the greatest increase in photosyn-
thetic efficiency with light fluctuation (Walsh
and Legendre 1983). It is possible that con-
finement of the phytoplankton to a fixed
light intensity even for a short 2-h incuba-
tion may lead to a small underestimation
of actual phytoplankton production.

The efficiency of conversion of solar en-
ergy into photosynthate in the water column
should be a function of Z,;, : Z.,, the rate
of cycling through the water column, and
the algal biomass present. The lowest pho-
tosynthetic efficiency was at station 26 (mean
= 0.45+0.24%) and the highest was at sta-
tion 11 (mean = 0.83%+0.23%). Thus the
most turbid station was the least efficient in
spite of its seemingly favorable Z,;, : Z,, ra-
tio, abundant nutrients, and higher algal
biomass. This range of photosynthetic ef-
ficiencies is similar to those found for clear-
er or algal-dominated waters (Robarts 1979).
They likewise are similar to those found by
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Grobbelaar (1989) for turbid Wuras Dam
but are about one order of magnitude great-
er than he found for turbid Hendrik Ver-
woerd Dam. The difference in these two
South African reservoirs is instructive to
our evaluation of Lake Chapala. Whereas
the clay-caused light attenuation in these
two reservoirs is similar, the Z,;, : Z., ratio
is not. The low-efficiency Hendrik Ver-
woerd Dam almost always exceeds the
*“critical mixing depth” while Wuras Dam,
as all of the Lake Chapala stations, rarely
does. Robarts (1979) sought to determine
whether algal biomass was significant in de-
termining photosynthetic efficiency in Lake
Mcllwaine, but found no relationship. Like-
wise for Lake Chapala, there was no rela-
tionship of photosynthetic efficiency to algal
biomass (r> = 0.001, P = 0.76, n = 134).
However, there was a poor (¥* = 0.22) but
significant negative relationship of efficien-
cy with Z;, : Z,, (P < 0.0001, n=135) and
positive relationship of efficiency with Z,
(r? = 0.33, P < 0.0001, n = 135). These
relationships further confirm that water
transparency, as controlled by clay turbidity
rather than the biomass, is the most im-
portant variable determining productivity
of the Lake Chapala phytoplankton.

Seasonal and spatial variation—The lim-
nology of Lake Chapala is strongly seasonal.
Seasonality is related to differences between
the rainy (June-September) and dry sea-
sons. Mean values of TP, SRP, NO;-N, NH;-
N, TN concentrations, Secchi depth, phy-
toplankton biomass, and phytoplankton
production were each significantly different
for comparisons of the rainy season with
the dry season (Sheffe’s multiple-contrast
analysis, P < 0.001). There was little sea-
sonality in solar irradiance. Some of the
variations, as total alkalinity and P concen-
trations, are the consequence of simple di-
lution or evaporative concentration (Limén
et al. 1989). Others, as N, are the conse-
quence of both seasonal differences in in-
puts and changed biological processes such
as uptake or regeneration (Trotter 1988).
The changes in biological processes are cou-
pled with seasonal variation in water trans-
parency.

Melack (1979a) used data from many
temperate and tropical lakes to examine

patterns in seasonal variability of phyto-
plankton production and biomass attrib-
utable to latitude. He found that tropical
lakes are significantly less variable than
temperate lakes. However, within the trop-
ics there was no greater stability for equa-
torial lakes than for other tropical lakes. He
proposed the C.V. as a basis to group lakes.
Lakes in which the C.V. is <20-25% he
considered seasonally stable. In these sea-
sonally stable lakes, the daily variation is as
great as the seasonal variation. Lake Cha-
pala was not seasonally stable. At station
26, the seasonal P, C.V. was greatest of any
station at 62%. Because we sampled station
15 on successive days, we could compare
daily with seasonal variation. Presumably
day-to-day variation is due to stochastic
events such as cloudiness, wind-driven mix-
ing with increased turbidity, etc. The sea-
sonal C.V. of P, for station 15 was 34%
whereas that for day-to-day variation was
21%. Although tests of the significance of
this difference are inappropriate because of
lack of independence of the data sets the
95% overlap of seasonal and daily C.V. val-
ues suggests there is no more seasonal than
stochastic daily variation.

The P, variation was not principally de-
termined by variation in solar energy inputs
(see above) as might be expected in a lake
of the high tropics. The C.V. for tempera-
ture was only 8% lakewide and the irradi-
ance variation for the 46 sampling dates was
only 19%. Vincent et al. (1986) compared
the within-year variance in primary pro-
duction with that in incident radiation for
lakes of the tropical and temperate zones.
Lakes in the tropics generally had signifi-
cantly different variances between produc-
tion and irradiance whereas temperate lakes
did not. The P,,, of Lake Chapala normal-
ized to its mean (see Vincent et al. 1986)
had a lakewide variance of 0.18 which is
the same as Lake Chad and similar to Lake
Titicaca (0.15). The normalized variance in
irradiance for the sampling day was 0.03.
Neither is the P,,, variation of Lake Chapala
due to simple hydrologic conditions of rain-
fall dilution or evaporative concentration,
although such was apparent from the data
on conservative elements. The C.V. for SRP
was only 14%. The greater variation in pro-
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duction and biomass is associated with those
environmental factors with high C.V. val-
ues also, namely inorganic N and transpar-
ency (Tables 3 and 4). Limén et al. (1989)
found similar great variation in the lake
when they compared short-term (=annual)
with long-term (=interannual) variation of
many physical and chemical factors.

Talling’s'(1986) review pertaining to sea-
sonal variation in African lakes (principally
tropical) is instructive to our evaluation of
variation in Lake Chapala. South African
Lake Sibaya (27°S) has a somewhat greater
annual range of temperatures (18°-27°C)
than Lake Chapala and also is unstratified.
In it the Chl a pattern was almost aseasonal
(Hart and Hart 1977), while in Lake Cha-
pala the seasonality of Chl a associated with
the rainy season was obvious. In Lake Cha-
pala, the high C.V. values of Chl a (ranging
from 37% at station 26 to 50% at station 3)
are, according to Melack’s classification,
seasonally variable. Lake Chapala, subse-
quent to the great decline in water level be-
ginning in 1976, is essentially a closed basin
similar to Lake Turkana. And like Lake
Turkana, it shows a marked spatial vari-
ability relative to river inputs at one end of
an clongate basin. Harbott (figure redrawn
for Talling 1986) showed a spatial pattern
with a greater algal biomass at stations near-
er the river mouth and a seasonal pattern
paralleling the lake level, both of which also
occurred in Lake Chapala. Unlike Lake
Chapala, where the seasonal variation was
not greatly different at all stations, Lake
Turkana had much greater seasonal varia-
tion in biomass at stations located near the
mouth of the Omo River. Possibly hori-
zontal transport of river-supplied nutrients
to Lake Chapala, or, more likely, a uniform
input of the limiting N via direct rainfall
was responsible.

An association of phytoplankton mass and
water level occurred in Gebel Aulia Res-
ervoir, Sudan, where the seasonality was
amplified by controlled water level reten-
tion and draw-down. The annual biomass
maximum also followed the rise in water
level, but unlike Lake Chapala, it was less
tightly coupled and lagged behind by 2-3
months. The more rapid response to water
input would be expected in such a shallow

lake as Chapala. Our data support the con-
clusion of Talling (1986, p. 158) that “one
cannot draw unqualified support for the old
expectation that the seasonal variability of
phytoplankton abundance would tend to be
reduced at low latitudes.” Hydrological sea-
sonality, rather than thermal or irradiance
seasonality, was the principal force govern-
ing this variation in Lake Chapala.

Trophic state of Lake Chapala—The tro-
phic state of the lake is predicated on its
light climate and not nutrients. Phytoplank-
ton production, to provide the base of the
food web, is low and in the range of oligo-
trophic lakes (table 15-9 of Wetzel 1983).
Turbidity and the annual 1-m fluctuation
in depth severely limits macrophyte growth.
There is a large, but unquantified, input of
water hyacinth (Eichornia crassipes) from
the Rio Lerma at the onset of river flows in
June or July of most years. The trophic sig-
nificance of this input is unknown. Accord-
ing to PESCA, the government’s fishery
agency, the fishery of the lake has been de-
clining for several years (from 20,000 t in
1981 to 7,000 t in 1987). This decline is
attributed locally to overfishing. Our data
permit an alternate hypothesis. We suggest
that the decline is a trophic consequence of
reduced primary production in the lake.
There are no data on past production rates
or algal biomass; however, we know that
due to riverine water diversions, the lake
since 1982 is much shallower than it was
before 1976 (Limén and Lind 1990). This
shallowness has resulted in greater turbidity
and, as this study shows, a consequent low
phytoplankton production.

If reductions in lake depth continue, two
entirely different outcomes relative to phy-
toplankton production may occur. When
Zyix = Z., the phytoplankton community
will be released from its abiotic light limi-
tation (and algal biomass starts to contrib-
ute to #”). Then phytoplankton production
will increase until N becomes limiting. Ev-
idence for this outcome is based on our bio-
assay studies (Davalos et al. 1989). When
N becomes limiting, cyanobacterial N, fix-
ation often increases. Presently there is little
or no N, fixation in the lake (Glass 1987).
Given N, fixation and the abundant P con-
centrations, a hypertrophic lake is probable.
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The alternate possible outcome of a contin-
ved reduction in depth is that P,,, will be
reduced even more as the shallower lake
would have a greater area with a depth sim-
ilar to that now present at station 26. Be-
cause the shallowness is responsible for the
extremely high turbidity, the Z_;, : Z,, ratio
for the entire lake will be similar to that
now at station 26 and P,,, will remain low.
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