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Abstract To better undersiand the patterns and regulation
of nighttime community respiration, dissolved oxygen
(DO) and pH were simulianeously measured at S-min inter-
vals for 37 days in ecach of three outdeor mesocosms with
different fish stocking levels. Nightlime decreases in com-
munity respiration rates were estimated fairly well by an
expoenential function of lime and slightly worse by a linear
one, irrespective of ecosystem differences, but smaller time
coefficients were obtained for dissolved inorganic carbon
(DIC) than for DO. Respiralory quolients increased
significantly from nightlall to the hour before dawn. To
roughly estimale gross productivity from net productivity
measurements, we extrapolated nightiime respiration from
various parts of the night to the daytime; among the models
evaluated, that extrapolating the respiration rate averaged
over the whole nighftime to the previous day led to the
highest correlation between irradiance and estimated gross
productivity. Significant correlations were found between
estimated daylime gross production rates and respiration
rates just after sunset, whereas respiration before sunrise
seemed quite constant and close to minimum metabolic
rates of the ecosystems. Nighttime respiration was also af-
fected by the composition and/or metabolic state of the
system, expressed here by daily net community productiv-
ity. Multiple regression analysis showed that more than
75% of daily and between-pond variation in respiration
rates just after sunset was explained by daytime gross pro-
ductivity, planktonic and detrital carbon concentrations,
and daily net community productivity.
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Introduction

Dissolved oxygen (DQ) is arguably onc of the most impor-
tant components of water quality. The ability to predict
mininitin nighttime DO levels from measurements in the
evening is important in many situations, including manage-
ment of reservoirs and ponds; toward this end, the patterns
of variation in nighttime respiration also must be well un-
derstood. Dark respiration usually decreases with time in
the dark (Grobbelaar and Soeder 1985; Weger et al. 1989,
Watanabe and Kimura 1990; Markager et al. 1992; Szyper et
al. 1992). Madenjian et al, (1988} found that a whole-pond
respiration-diffusion model fairly accurately predicted
dawn DO in freshwater and brackish ponds on the basis of
information about water temperature, suggesting that res-
piration is indepeadent of time after dark. In contrast,
Markager and Sand-Jensen (1989} reported that the most
cominen patterns showed a pronounced peak in respiration
rate shortly after sunset, but that there were several types of
deviation from this paltern., Many variables, including
primary productivity, biomass of phytoplankton and/or
bacleria, DO, temperature, etc,, have been investigated as
potential factors that affect nighttime respiration rates
(Jensen et al, 1990; Szyper et al. 1992; Sampou and Kemp
1994; Aristegui et al. 1996), but the most influential factors
differed among these studies. Thus, we are not able to
accurately predict the paticrus of nighttime respiration at
present,

Since DO is both a product of the photoautotrophic
production of organic matter and consumed during aerobic
respiration, patterns of DO change provide information
about relative rates of net community organic matter pro-
duction. In fact, when used in mass balance expressions that
correct for other fluxes (e.g., gas exchange across the air—
water interface), the rate of change in DO can be used to
measure net community productivity.
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Aside from being ol interest in and of itself, daytime
gross community productivity might be a good predictar
of nighttime respiration rate. To calculate gross communily
productivity from measurements of nel communily produc-
tion, we must first estimate community respiration rates. If
patterns of communily respiration, parifcularly those dier-
ing daytime, were beller known, then we could use mea-
suremenls of nel community productivily Lo estimale gross
productivity accurately.

Respiration is usually esiimated by dark-bottle incuba-
tions of waler with or withoul plankton andf/or by measure-
ment of in situ DO or pH changes (Williams 1984).
Incubations have the advantages of a closed system (no
Mluxes in or out) and ease of replication or manipuiation. In
situ approaches, olten referred to as (ree-waler methods,
ofien involve measurements of DO and/or dissolved inor-
ganic carbon (DIC) and permit frequent aulomatic collec-
tion of data. Both approaches have their drawbacks,
Incubations are inaccurate due either to botlle effects (e.g.,
contamination or growih on the walls of the container, ex-
clusion of large organisms, etc.) thal may aller the rates
being measured or to poor temporal resolulion. On the
other hand, with free-water measurement, non-biological
influences, e.g., exchange between air and walter, advection,
etc., musl be corrected lor. Few papers have reported con-
tinuous DIC change over long periods (but see Maberly
1996}, and we are aware of no reports that compared simul-
taneous DO decrease and DIC increase to delermine night-
time changes in respiratory quotient (RQ); knowledge of
RAQ is necessary to convert between carbon- and oxygen-
based productivity measurements.

In this study, we simultaneously measured DO and pH
{(by the [ree-water method) in three outdoor mesocosms
with different biota for 37 days during the summer of 1994
in order to determine the patterns of nighttime respiration
and RQ. Both linear and exponential models were applied
to the pighttime respiration rates, and the fits of these mod-
els were compared, Correlation analysis was applied to the

relationships between nighttime respiration rates, biomass

in several categories, gross and nel productivity, elc., in
order to determine the extents to which these factors af-
fected nighttime respiration rates, A similar experiment was
conducted during the summer of 1993, and the results were
analyzed mainly from the viewpoint of carbon cycles in the
ponds (Fukushima et al. 1995¢).

Materials and methods
Experimental systems

The experiment was conducted in three artificial outdoor
ponds (mesocosms) located near Lake Kasumigaura, 60 km
northeast of Tokyo, Japan (Fukushima et al, 1995a; Park
et al. 1997). The concrete ponds were lined with nylon
sheeting, containing 36 m* of water each (regular hexagonal
shapes of 3m on a side; water depth controlled at 1.55m),
and were filled continuously with sand-filtered water from
Lake Kasumigaura at 2 dilution rate of 0,05day™" for more

than one year (Table 1), Dissolved inorganic nulrients
(stock solution containing 2mgN1"' as NaNO, and
02mgP1™" as KH,PO,) were added (o the water to induce
high primary production. A pump (1001 min™'), which drew
waler from near the botlom and brought it to just below the
surface, was sel in each pond to circulale the walcr gently.
In order to elucidate the influence of fish on nutrient cycles,
the dynamics of dissolved organic carbon, and dominant
species of phytoplankton, we prepared three dilferent pond
ecosystem treatments: pond 1 had no fish, whereas ponds 2
and 3 had been stocked with goldfish (Carrasius auraius) 4
year earlier {August 1993). During the summer of 1993, the
ecosyslems in the ponds changed rapidly and then gradually
shifted (o steady states (Fukushima et sl 1995¢). At the
start of this experiment {August 1994), the goldfish densi-
ties were 8.1 and 4.7gCm™, and they remained fairly con-
stant therealier {Table 1).

Measuremenl systems

Global solar radiation and wind velocity were measured
with a pyranometer (biack and white detectors with
thermopiles; EKO MS-42; EKQ, Tokyo, Japan} and a pro-
peller-type anemometer mounted 10m above the ground
near the ponds. Water temperature, DO, and pH were mea-
sured during Lthe summer of 1994 from August 3 to Septem-
ber 9 (37 days) at 50- and 100-cm depths in each pond with
l-type thermocouples (Copper-Constantan, rated tempera-
ture precision 0.018°C), Yellow Springs Instruments dis-
solved oxygen meters (model 58; YSI, OH, USA) and
polaragraphic probes (model M5739) with stirrers, and
combination pH electrodes, each with an inlernal amplifier
and temperature-calibration circuit (PKK Model 6430L,
DKEK, Tokyo, Japan). For each sampling time (5-min inter-
vals), a personal compuler stored the mean of seven con-
seculive sensor readings,

Every week, the sensors were cleaned and, if in poor
condition, replaced. At the same time, the oxygen elee-
trodes were calibrated by Winkler titrations of triplicate
bottles drawn from a single water sample collected with a
Van Dorn sampler from immediately adfacent to each oxy-
gen elecirode. The pH electrodes were immersed for more
than 10min each in pH 7 and 9 buffer solution; the resulting
data were used to convert raw millivoll values to pH. The
alkalinity was determined by Gran titration (Gran 1952) for
waler collected weekly with a 1.2-m-long column sampler
from the middle layer at the center of each pond, Water
was also taken daily (ai around 1100) from each pend with
the 1.2-m-long column sampler and fillered through
precombusted, tarred Whatman GF/F filters for determina-
tioh of other particulate and dissolved properties. The
filters were analyzed for particulate dry weight (D'W),
chlorophyil & (Marker et al, 1980), particulate organic
carbon (POC), and particulate organic nitrogen (POMN)
(Yanagimoto CHN-analyzer MT-5; Yanagimoto, Kyoto,
Japan). The filtrates were analyzed for dissolved organic
carbon {DOC) (Shimadzu TOC-5000 with purging at pH 2;
Shimadzu, Kyoto, Japan; Fukushima et al. 1996), dissolved
inorganic nitrogen and phosphorus (NHj, NO;, NOj3, and



Table 1. Average biological and chemical conditions (mean = SD; # = number of samples) of the outdoor ponds during the experiment {Angust 3-September 9. 1994)

Condition Pond 1 Pond 3 Pond 2 Inflow*

Dominant species of phytoplankton (n = 17) Scenedesmus sp. Oscillatoria sp. Oscillatoria sp.

Dominant species of zooplankton {n = 38) Brachionus, Bosmina Cyclops, Brachionus Brachionus, Cyclops

Biomass of zooplankton (n =38) {gCm™) 1.60 = 0.86 0.23 z 0.2 0.16 = 024 ¢

Biomass of goldfish (n = 2) {gCm™) 0 47", 4.4 8.1% 8.2 0

‘Water quality’ (n = 38) Chlorophyll 2 {(mg1™") 79 =35 128 = 46 &0 = 25 1+1
DOC (mgl™) 5002 58 £07 41 03 31=02
POC (mg!™) 9017 110 = 21 61=x14 0300
NH;-N (mgl™ 0.010 = 0.007 0.008 = 0.007 0.010 = 0.011 0.010 + 0010
NO;-N (mgl™) 0.002 = 0.002 0.002 = 0.002 0.002 = 0.002 0.002 = 0.003
NOZ-N (mgl™ 0.013 * 0.019 0.004 = 0.003 0.007 = 0.009 0.490 = 0.086
DIN (mgl™")" 0.025 + 0.022 0.014 = 0.008 0.019 = 0.016 0502 + 0.082
DTN (mgl™) D65 =007 0.53 £ 0.08 0.48 = 0.09 0.80 = 014
PON (mgl™) 129 = 0.27 1.27 = 048 0.73 = 0.23 0.04 = 0.01
TN (mgl™) 1.97 £ 0.28 1.80 > Q.39 1.22 £ 0.25 0.83 014
PO P (mgl™ 0.066 + 0.023 0,004 = 0.003 0.003 = 0.002 0.067 = 0.013
DP (mgl™) 0.081 = 0.023 Q.012 = 0.003 0.012 = 0.003 0.061 = 0.015
TP (mgl™") 0.138 = (.0030 0086 % 0.010 0.051 = 0.010 0.052 = 0016

DOC, Dissolved organic carbon; POC, particulate organic carbon; DIN, dissoived inorganic nitro

dissolved phosphorus; TP, total phosphorus
*Before addition of nutrients

®Aug. 21994

“Sep. 10 1994

4Sampled every day at around 1100
“NHI-N + NO;-N + NO;-N

gen, DTN, dissolved total nitrogen; PON, particulate organic nitrogen: TN. total nitrogen: DP.

191
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PO ; Bran + Lucbbe, Traacs 800 autounalyzer; Brami
Luebbe, Norderstedt, Germany), dissolved total nitrogen
and phosphorus, and total nitrogen and phosphorus (DTN,
DTP, TN, TP, respectively: alter digestion with persulfaie).

Plankton numbers were deiermined by direet micro-
scopic counts of samples cither fixed with Lugol's iodinc
solution for phytoplankton or filtcred through a 75-um
mesh net and then lixed with formalin for zooplankton. The
carbon conceniration of zooplankton was estimated as
the sum ol the products of the numbers of cach zooplank-
ton species multiplicd by species-specific mean volumes
(T. Hanazalo, Suwa Hydrobiological Station, Shinshu Uni-
versily, Japan, personal communication) and volumelric
carbon conlents {mean of several samples (L464g Cem ™).
Five goldfish were weighed, dried, and pooled; their aver-
age carbon content was determined to be 7.1% ol wet
weight. The phytoplanktonic carbon conceniration was
estimaled by multiplying the chlorophyll ¢ concentration
by the carbon:chlorophyli @ ratios (49 mg POC:mg ™" chio-
rophyll @ for the green alpae-dominated pond T and 43mg
POCmg™' chlorophyll a for lhe cyanobacteria-dominated
ponds 2 and 3) (Fukushima et al. 1995a), The bacterial
and [ungal carbon concentrations were assumed to be neg-
ligible (bacterial biomass <0.2mgCI1™") (Fukushima et al.
19954). Detrital carhon concentration was calculaled as
POC minus the phytoplanktonic and zooplanklonic carhon
concentrations.

Calculation of dissolved inorganic carbon

Concentrations of DIC were calculated from our measure-
ments of litration alkalinity, pH, and temperature, based on
the dissolution and dissociation reactions of the aqueous
carbonale system [Stumm and Morgan (1981) and DOE
(1994) presenl excellent surnmaries]. Carbonate alkalinity
(AlkY was estimated as titration alkalinity plus hydrogen
ion concentration minus hydroxide ion conceniration. We
assumed that other weak acids and bases had no quantita-
tively important effects on alkalinity., Carbonate dissocia-
tion constants (K, = [HY][HCOV[H,CO¥; K, =
[H*HCO5 WHCO,™}) were calculated with algorithms from
temperature and chlorinity (gkg™) based on the data of
Gieskes (1974), and the dissociation constant for waler was
calculated (K, = [H*] [OH"]) based on that of Harned and
Owen (1958).

Measurement precision

To evaluate the imprecision of sensor measurements of
DIC and DO, we sampled pond pH and DO continuously
for 651 measurements. The maximum sample standard
deviations of all 93 consecutive sets of seven measurements
of DIC and DO were 4.0 X 10~ and 7.7 X 107 mM, with
coefficients of variation of 0.04% and (124%, respectively.
These standard deviations correspond Lo standard errors of
differences belween consecutive DIC and DO determina-
lions {as used in net community productivily measure-
ments) of 2.2 X 10™ and 4.1 X 107'mM, respectively.

Measurement aceuracy

Our DO  measurements  were  aceurate to  within
20000 mM, as estimated [rom the standerd error of a linear
regression line between the sensor oufpuls and Winkler
titration values, The calculated DIC concentralions were
occasionally compared with direet determinalions on a
nonclispersive infrared spectromeler-based instrument, the
Shimadzu TOC-5000 (Weisburd ¢t al. 1995), For (he pH-
alkalinity-derived [DIC) and maximum hourly DIC change
we observed, the implied error in the diflerence belween
conscculively measurcd concentrations of, lor example,
0.97 and 1.00mM would be only 0.0014 mM (Fukushima ct
al. 1995b); furthermore, because Lhis implied error was cal-
culated with the maximum observed hourly DIC change, it
represents an upper bhound on the actual errors thal would
have arisen due o such inaccuracies in [DIC].

Calculation of air—waier gas exchange

The air-water exchange Mux (F) was caleulaled as (ollows:
F = RL (Csal - Cw) (])

where k| is the gas exchange coefficient (ecmh™'), C,, is the
gas concentration in waler at equilibrivm with ambient air
(= p K,; p is the pariial pressure and K|; is the Henry's law
conslant), and C,, is the gas conceniralion in the water just
below the interface. In the case of DIC, C,. can be approxi-
maled by [H,CO#], which we can calculate with the values
of DIC, K,, K,, and pH. We used the concentrations ol
DO and DIC measured with the upper probes as the values
of C,, because the water they sampled was closer to the
air-water interface than that sampled by the lower probes,
Saturalion DO and DIC concentrations were calculated
with K);; we estimated K, from temperature by fitting a
cubic polynomial to the DO solubility data of Benson and
Krause (1980) and the DIC solubility daia of Buch (1951).
In addition, we assumed that the carbon dioxide and oxygen
partial pressures were unchanged with time, e.g., the ai
CQO, concentration was constant at 350ppm, a reasonable
approximation based on data coliecled by Ibaraki Prefec-
ture (Department of Living Environment;, 1-5-38, Mito,
Ibaraki, Japan) at Mt, Tsukuba, 20km {rom our mesocosms,

To empirically evaluate the effect of wind speed on gas
exchange (the gas exchange coefficient, k) during seven
different 3-h periods, we compared lemporal changes in
DO and DIC concentrations batween open and closed
boxes (20 % 20 X 20cm, made of 5-mm-thick clear acrylic
sheets) that were set in a pond with their upper faces just
above the water surface [details are presented in Fukushima
et al. (1995b)]. That study found k, to be approximately
proportional to the 1.5 power of wind velocity for both
gases, This exponent of 1.5 on the gas exchange coefficient
is consistent with the gas exchange coefiicient (k) formula-
tion proposed by Hartman and Hammond (1985):

ky = XaRv( D) (V)" (2)

where Xa is a constant (144s’m™"*h™"), R is the ratio of the
kinematic viscosity of pure water ai 20°C to that at the



measured temperature, Dim, is the molecular diffusivity of
the gas of interest at 20°C in cm’s”', and U, is the wind
velocity 10m above the surface in ms™. We adopted this
formulation but empirically determined the value of Xg for
our system with data [rom Fukushima et al. (1995b),
k, values were regressed on the 1.5 power of wind speed.
The slope of that regression, Xa, was calculated to be
49.25'm™"* ™", We altribute the difference in Xa belween
our study and that of Hartman and Hammond (1985) to the
difference in openness belween our ponds and San Fran-
cisco Bay, '

In addition, we calculaled the chemical enhancement of
CO, exchange with the formulation proposed by Smith
(1985):

Z = 0,072 exp(~0215U,,) -
r= ((Kn[I-[‘] + K”KW[HP})J’D)H[I'I‘])U'S (4)

where K, is Lthe rate constant for the hydralion reaclion of
CQ, (0.037s7"), K\, is that for combinalion of CQ, and OH"
(85001mol~'s™"), z is the thickness of the surface slagnant
boundary layer, ris the factor expressing the eflect of pH on
the kinetics of COQ, ionization (erm™), and Dm is the mo-
lecular diffusivity (cm®s™"). We recast this calculalion as an
enhancement factor (EF) [ollowing Weisburd and Laws
(1990):

EF = rz coth (rz) {5)
k. for DIC was estimated with the following equation:
ky = Xa Rv(Dmy)*BF(U )" (6)

k|, for DO was estimated with an equation of the same form,
but without the enhancement factor EF,

Data processing and exclusion of noisy data

After ‘exclusion of times with no output or constant data,
and smoothing of the DO and DIC data by application of a
moving average of five successive outputs {data for the
20min from 10min before to 10min after each hour), we
calculated the change in these dissolved gases for each 1-h
interval, These changes in gas concentrations (¢[DO)/d,
d[DIC}/dt) are the result of several fluxes; for example, in
the case of DO we can wrile the following mass balance
equation: Vd[DO]/d'f = A(Fm situ + Fudvcrl[un + ans in'vasinn)’
where V is the volume of the pond, A is the surface area,
Fi, o is the areal rate of biochemical change explained be-
10W, Fyvecrion 18 the net flux through water exchange, and F
mvasion 18 the net flux through gas exchange. We solved for the
in situ flux by difference: F,, 4, = (VIA) d[DOVa = Fogrecion
= Fous invasions Where Flgoonn Was calculated as the difference
between influx and outflux through water exchange and
rainfall, and F,; .0, Was calculated by eq. (1).

A similar expression can be writtén for DIC ((V/
A)d[DIC]/d[ = “Fln siw T Fadvmiun + ans Invnsinn)' We assume
that productivity is responsible for essentially all of the DO
and DIC changes occurring in the water column and hence-
forth refer to these terms (F, ,, for DO and for DIC) as the
rates of net productivity.
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Table 2, Number of sets of measurements after exclusion (sce tex()

Pand Do pIC
Upper Lower Upper Lower
| 27 20 4 14
2 23 25 20 30
3 16 14 31 29

DO, Dissolved oxygen; DIC, dissolved inarganic carbon

We also removed apparently noisy data for which the
difference in hourly productivity exceeded hall of the daily
maximum productivity (the dilference beiween the maxi-
mum and the minimum of DO or DIC in a day caleulated
after removing the advection and gas-exchange fluxes).
Upon exclusion of any data for a day, we excluded the
entire data sef for thal day (from 0500 to 0500). More than
half of the data series were excluded for the upper and
lower DO sensors in pond 3 and the DIC data for pond 1
(Table 2), because these sensors did not perform well, al-
though they were replaced with new ones several times. The
beginning of the day for analysis was set al 0500, because
during this period the irradiance started between 0510 (in
the beginning of August), and 0530 (in the beginning of
September). In addition, night fell belween 1740 (in the
beginning of September) and 1800 (in the bepinning of
August), and hence we defined *“night” as the period be-
tween 1800 and 0500.

Results
Contributions of Fo inesion 219 Frgreciion

The relative contributions of gas exchange (Fg, iyaion) and
adveclion (I, y,cqicn) L0 total DO and DIC changes during the
nights were calculated. Net productivity (F,,,,) was gener-
ally the most dominant factor influencing the temporal
changes in DO and DIC in our mesocosms, and the errors in
estimating £, 500 WEIe minor in our evajuation of F, 4,
(Fig. 1).

Hourly DO and DIC productivities

Hourly DO production became positive between 0600 and
0800 and turned negative between 1400 and 1700; the re-
verse was observed for DIC production (Fig. 2). The morn-
ing transition period was more than Lh after sunrise, and
the evening transition was more than 1h before sunset. The
beginning time of positive net production varied littie, but
the ending time varied due to the light conditions (see the
standard deviations in Fig. 2). In the daytime, the pattern of
change looked like half of a sine curve; the maximum DO
usually oceurred between 0900 and 1200, whereas an ap-
proximately mirror-image pattern was observed for DIC
(with a minimum usually between 1000 and 1300). During
the nighttime, the peak of respiration rate occurred be-
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tween 1800 and 2000, and then decreases in respiration
gradually slowed and stepped.

Paltern ol nighttime respiration and respiratory quotient

We averaged the rates of in situ DO consumption and DIC
production {or each sensor for each nighltime hour of all
days and applicd both linear and exponential models (Table
3). Except for two cases (DI1C pond 1, upper and lower), the
decrease in nighttime respiration was expressed slightly bet-
ter by the exponential model than by the linear model, very
similar o the results of Markager and Sand-Jensen (1989),
suggesting regulation with a storage pool of carbohydrates
built up by photosynthesis during the previous day. Adjust-
ing the results for a 0, of 2.0 {Grobbelaar and Soeder 1985)
- the change in respiration for a 10°C temperature change -

100 -
75—
{%) 50 -
865-91.2% 81.1 - 80.9%
25—
0 T :
DO DIC

Fig. 1. Contributions of absolute value ol each flux to the sum; average
ol the three ponds for all sampled days, The figures indicate the ranges
of the values in all three ponds, White, F,, . shaded, F,ycqim Stippled,
F o inasion. DO, Dissolved oxygen; DIC, dissolved inorganic carbon

did not improve, and oflen worsened, the (i1 of the models
to the data. The squares of the regression coefficients for
both models were rather lower for DIC than for DO, This
difference was not due to the degree of variation (coeffi-
cients of varialion for six sensors: DO, 34 *+ 6%, and DIC,
29 * 10%, for 1800 to 1900, DO, 23 £ 6%, and DIC, 15
5% for 0400 to 0500). .

Smaller time coefficients « for DIC than for DO (T'able
3) corresponded Lo the ralio of respiration from 1800 to
1900 to that from 0400 1o 0500 (R18-19/R4-5) for DIC (1.3
% 0.3), being closer 10 unity than thal for DO (1.7 & 0.2).
There were no clear differences in ¢ and/or the suitability of
the models between ponds, RQ changed with time from
(133 to (LG9 for the period belween 1800 and 1900 10 0.72 to
0.92 for the period between 0400 and 0500 (Fig. 3; P < 0.05,
except for the upper sensor in pond I, due to the smiall
rumber of samples (four) for that pond; pajred sample 1-Lest
and Wilcoxon (wo-sample lest).

Net productivity (mM b 1)

Fig. 2. Example of averages and standard deviations of hourly biatic
DO and DIC change {net productivity for DO and —1 limes net pro-
ductivity for DIC) (pond 2 upper sensots). The times on the horizantal
axis correspond to the starting times of each I-h measurement! peried.
Bars indicate standard deviations. Open squares, DO {23 days); open
circles, DIC (20 days)

Table 3. Squared regression coefficients when a linear model (R = a + b:) and an exponential model [R = Rpexp(—ar}] are applied Lo the
nighttime respiration {hourly average for all nights with data sets for each sensor} and tinte coeflicients {&) {: time; a, & Ry conslants)

Measurement Pond Linear model Expaonential model
Raw data Tem. correction Raw data Tem, carreciion c (")
DO 1 Upper (0,884 (.87+%# 0.3k 0,92 % 0.058
Lower 0.8G4++ 0.81 %%+ 0.8g+*+ Q.83+ 0.039
2 Upper VR YA 0.80%+* 0.89%*+ 0.87++*% 0.073
Lower 0.91%%% 0.8+ ¢ 0,93 %4 Q.91+ 0.072
3 Upper 0.93%%+ 0,934k 0.97 4+ 0.96%+* 0.066
Lower 0,84%%* 0,80+ 0,87%%* 0,845+ 0.047
DIC 1 Upper B (Y (.57 0.60%* a.53+* 0.050
Lower 0.42¢ 0.07 0.42* 0.07 0.012
2 Upper Q.77+ 0,735+ * 0,78 0.74%**% 0.052
Lower 3.56* 0,d42% 0.58%% 0.43% 0,030
3 Upper 064+ 0.48* D.G4** Q.47+ 0.026
Lower 0.48* 0.15 0.48% 0.14 a.0Ly

*P < 005; %% P < 0,01; ¥+ P < 0,001; n = 11, DO, Dissolved oxygen; DIC, dissolved inorganic carbon
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Fig. 3. Respiratory quotient (RQ) during nighttime averaged for all
sensors. Bars indicale standard deviations of pond 1 lower. The times
on the horizontal axis correspond lo the starling times of each 1-h
measurement period. RQ = (DIC inerease)/(DO decrease)

Estimation of gross production

Although our free-waler measurements yielded only esti-
mates of net community productivity, we suspected that
daytime gross productivily might be more closely related to
nighttime respiration. To test this hypothesis, we estimated
gross productivity from the net praductivity measurements
corrected with estimates of daytime respiration derived
from our nighttime respiration measurements for the pre-
ceding or following nights (six models). We evaluated the
suitability of each of these models by correlating the result-
ing daily gross productivity estimates from each model di-
vided by biomass (GF/B) with irradiance corrected for light
extinction with depth and integrated over time ([, }; gross
productivities derived with the respiration model producing
the best GF/B vs, I, fit were selected for further use.
Daytime respiration was modeled on the assumption
that daytime respiration was equivalent to respiration dur-
ing different periods of the preceding or following night
(A): in model 1, the respiration rate from 1800 to 1900 (A)
was assumed to have prevailed during the preceding day
from 0500 until 1800; in model 2, A was replacéd by the
average rate from 1800 o 2000; in model 3, A was replaced
by the average rate from 1800 to 2200; in model 4, A was
replaced by the average rate from 1800 to-0500; in model 5,
A was replaced by the rate from 0400 to 0500; in model 6,
the respiration rate from 0400 to 0500 was assumed to con-
tinue during the subsequent period from 0500 to 1800.
We assumed that the photosynthetic rate increased with
increasing irradiance up to a saturating intensity, beyond

165

which it remained constant. Thus irradiance driving gross
production was expressed as a function, f,,, in a simplified
form of Smilh’s formula (Smith 1936):

f;ighl = 1;
ﬁtgm = (7)

where [ is irradiance and [, is the saturation light intensity.
We used 0.18MIm™h™" as the saturation irradiance; this
value was calculated with the irradiation saturation level
observed al several points in Lake Kasumigaura,
200uEm s (Matsucka 1984), and mean wavelength of
irradiation 450nm.

"The influence of light on photosynthetic rate integrated
over depth and time was calculated with a series of equa-
tions. The extinction of light in water was cxpressed as
follows (Malsuoka 1984):

[(t,2) = 1{1,0)exp(—k, 2) (8)
k, = 0.02Chla + 1.1 {9
where f is the time of day; z is depth {m); &, is the light
extinetion coelficient (m™'); and Chla is the chlorophyll a
concentration (pgl™"). Consequently, the productivity-

driving irradiance integrated over depth and time, /.. can
be calculated as follows:

{>1,
[ <1,

fend [ Zpond
Fooree = J“ ,MJ'O flighledf (10)

where (,; is the starting time of irradiance, f_, is the ending
time of irradiance, and z,,.4 is the depth of the pond (m).
We then compared [, with daily gross primary production
normalized to chlorophyll @ concenlration, because we as-
sumed that gross primary production was the product of the
standing stock of phytoplankton and the time- and depth-
integrated irradiance (/). The daily gross primary pro-
duction was calculated as the sum of daytime in situ DO or
DIC change and each of the six types of respiration rates in
turn,

Here, we did not consider the influence of temperature
and nutrient concentrations on primary productivity, be-
cause the levels of these variables did not vary much from
day to day (daily average temperature, 29.7 * 1.6°C; nutri-
ents, DTN and DP in Table 1).

Of the six models, the use of model 4, which extrapolated
nighttime respiration rates for the wheole night period to the
preceding daytime, resulted in the highest GP/B vs. [ .
correlation coefficients in almost all cases [average * stan-
dard deviation of regression coefficients: model 1, 0,70 *
0.18; model 2, 0.73 & 0.17; model 3, 0.77 * 0.16, model 4,
0.81 + 0.12; model 5, 0.72 * 0.15; model 6, 0.77 : 0.16 (n =
12}]. Although there seeimns to have been a positive intercept
on thé axis of irradiance, the regression coefficients were
fairly high (Fig. 4). Even when the value of I, was raised
enough to eliminate the light-saturated range {always I <
I,) or lowering it to 0.09MJIm™2h~"(half of the observed
value), the superiority of model 4 was not changed (data not
shown). When the regression line with no intercept was
applied, the highest correlation coefficients between the
observed and predicted respiration rates were also obtained
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for model 4 (data not shown)j. Hence,.we assumed (hat
daylime respiration could be best estimaled by medel 4,
The ratios of gross production predicled by use of other
models to that predicled by model 4 ranged from 0.8 (mod-
cls 5 and 6} (o 1.2 (models T and 2).

Comparison of respiration and produclion differences
between the upper and lower parts of the waler column

We compared respiration and production measured at the
50-cm-deep sensors (upper waler coltmn) with those mea-
sured at the 100-em-deep sensors (Jower water column);
whereas almost all the ratios belween upper versus jower
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Fig. 4. Linear regressions of biomass normalized gross produclion
estimated with the respiration rates of model 4, on depth- and time-
integrated irradiance corrected for the influence of tight extinction on
produetivity (I,.) (sec eq. 10 in text). Each line indicates the linear
regression for the indlvidual sensor

parts of the water columns for respiration and production in
the same pond were above unily, the ratios were usually
very close 1o unily, and the differences among them were
usually insignificant {Table 4). In addition, the upper and
fower activities were highly correfated; thus, the mixing of
these ponds posed no problem.

Fuctors regudating nighttime respiration
Influence of primary production

Significant correlations were Tound lor daylime gross pro-
duction and respiration rates during the subsequent 1800 to
2200 period for both DO and DIC, irrespective of depth
{Table 5; significant correlations with gross production were
also oblained for the respiration rates during the peviods
from 1800 1o 1900 from 1800 to 0500). In contrast, there
were rather fewer significant correlations, in particular for
DIC, between daytime gross pracuction rates and respira-
tiont rates from 0400 to 0500. In addition, considerably fewer
significant correlations with respiration rates were observed
for daily net produclion rates compared with daily gross
production rates,

Correlations between nighttime respiration and various
arganic carbon fractions

To assess whelher nighttime respiration was related to the
abundance ol different carbon slocks in the water column,
we conducted a correlation analysis between the daily respi-
ralion data of each sensor for five nighttime periods (1800
to 1900, 1800 o 2000, 1800 to 2200, 1800 to 0500, and 0400
1o 0500) and several organic carbon (ractions [POC, DOC,
zooplankionic C, phytoplanktonic C, detrital C, and tatal
arganic C] for each pond. For pond 1, the no-fish pond, all
respiration rafes except the one during 0400 to 0500 usually
were significantly correlated with POC and phytoplank-
tonic C [e.g., respiration rates during 1800 to 0500 vs.
POC: DO upper .52, P < 0.01; DO lower 0.55, P < 0.05

Table 4, Comparison af respiration and gross production between upper and Jower sensors

Measurement Pond | Pond 2 Pond 3
Respiration 1800-0500 DO s 0. 714%% 0.81%%% 0.65*%
Ratio i.02 + 0.08 LA & .10 1.15% = 014
" 20 21 7
DIC I 0.4 0.95%%* 0.9+
Ralio 0,99 = 0.04 1.02% = 0.03 £.05%%% 2 .05
" 14 1 : 26
Gross production 0500-1800 DO r 0.80%#% 0.8G*+* (0.98*+*
Ratio 1.02 + .09 LAS** & 0,10 LO7% 2 0.04
" 20 2 7
DiC r (.95t 0.08*%+* 0,97 ¥
Ratio 0,99  0.06 1.02% 2 0.4 1.04%% & 007
H 4 i8 26

*P < 0,05+ P < 0.01; %% P < 0,001 significance; correlatlon dnalysls and palred sample -tesy, respectively. r?, Square of corvelation coelliclent;
ratio = upper sensor output : lower sensor output {ratio caleulated for cach day and then averaged for all days); n, days of dala used. DO,

Dissolved oxygen; DIC, dissolved inorganic carbon
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Table 5, Correlation coefficients belween daily gross production (0500-1800) vs, respiration (1)

and daily net preduction (0500-1800) vs, respiration (11}

Measurement poO DIC
Upper Lower Upper Lower
(n (A) Pond | 0,78 ¥+ (1.63%*+ 0.68 0,674+
Pond 2 0,82 *# (.64%*+ 0884+ (.84¥+x
Pond 3 0.60% 0.69+* 0,934+ OB[*+
(B) Pond | 026 0.58%% 0.16 .17
Pond 2 0614+ 0.61%* 0.19 07145+
Pond 3 .44 0,79+ 0.24 0.02
(11} {A) Pond 1 040* 0.10 (.58 0.27
Pond 2 047* 0.08 0.78%%+ 0.7444+
Pond 3 0.20 0.05 - 0.84#4+ 0.674+
{13) Pond 1 027 0.32 0.05 ~0.07
Pond 2 .20 0.19 0.15 0.61%x*
Pond 3 0.09 0.50 0.09 ~0.07

Respiration for 1800-2200 (A); respivation for (400-0500 (B); ¥*** P < 0.001; * P < 0.0, * P <

0.05. DO, Dissolved oxygern; DIC, dissolved inorganic carbon

o Respiralion; 1800 (o 1900
w Aesplrallon; 1800 lo 2200
o Rasplration; 1800 lo 0500
o Resplrallon; 0400-0500

Rospliation; B400-0500
Aaspitalion; 1800 lo 0504
Respiradon; 1800 lo 2200
Respiration; 180010 1600

DOC 40l
hylo»
&a b SR T

0 Resplration; TBO0 1o 1900
u Respliation; 1600 1o 2200
o Resplrallon; 1800 1o 0500
o Resplrallan; 0400-0500

Respiralion; 8400-0500
Respiratikon; 180G {0 D500
Resplralion; 1804 ta 2200
Rosplation; 1800 1w 1900
lotal G

Fig. 5. Correlation coefficients between respiration rates and organie carbon fractions. a Pond 1 DO lower (a# = 20); b Pond 2 DO upper (n =

23)

Fig. 5a}. This indicates that planktonic biomass infivenced
pond respiration. .

In contrast to the no-fish pond, zooplanktionic C was
significantly correlated with all types of respiration rates in
fish ponds [e.g., respiration rates during 1800 to 0500 vs.
zooplanktonic carbon (pond 2, upper sensor): DO 0,42, P <
0.05; DIC 0.65, P < 0.01; Fig. 5b]. Zooplanktonic C could
not explain the between-pond differences in respiration
rates; moreover, the biomass of zooplankton was so much
smaller than that of phytoplankton, detritus, and fish as to
be negligible (Table 1). Zooplankion biomass in the ponds
with fish in the earlier part of the experiment (August 3 to
20, 1994) differed significantly from that in the latter part
{August 21 to September 8, 1994) (pond 2, 0.04 vs.
023mgCI™, P < 0,01; pond 3, 0.12 vs, 0.32mgCl™, P <
0.001; unpaired sample r-test). While these zooplankton
populations were increasing, the daily net community pro-
uction increased significantly from the former to the latler
Period, in particular for DIC (Table 6), indicating a change
in the composition and/or metabolic state of the biotic com-
munity in the ponds, Corresponding to this increase, the
Organic catbon (POC + DOC) specific respiration rates
Tose by 3% to 30%. Therefore, we can expect a close rela-

tionship between the composition and/or metabolic state of
the pond community and its respiration rate,

Discussion

Although the considerable variability in the produclivity
data derived from our open-water measurements makes the
reliability of any individual measured rate rather low, taken
together, the extensive data set demonsirates the outline of
carbon cyeles in the ponds (Fukushima et al, 1995¢c) and
several consistent patterns of diel change in respiration
rates. Gathering & data set of this size by incubation meth-
ods would not be practical. Our results shed light on diel
patterhs of net community respiration rates and suggest
several directions for further research.

The clear decreases in respiration rates with time at night
that we observed agreed well with those reported by others
(Grobbelaar and Soeder 1985; Weger et al. 1989; Watanabe
and Kimura 1990; Markager et al, 1992; Szyper et al. 1992).
"The ratio of respiration rates at the beginning and end of
the dark period {(R18-19/R4-5: 1.7 & 0.2 for DO, 1.3 £ 0.3
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Table §, Comparison of net community production and vrganic carbon (POC + DOC) specilic respiration rates beiween carlier and later halves

ol the experiment

Measurement Pond 2 Pond 3
DO Dic DO pIiC
Period | Period 2 Period 1 Period 2 Period 1 Peried 2 Period 1 Period 2
MNet communily production  upper 90 ~4| =10 =15 kb 4 il -89 -50 *h A
(|1Mday") lower —62 -8 =101 =35 d 7] -52 -§7 ~-45 LA
Respl8-22°/(POC + DOC)  upper 7.62 B0 ©3.55 498 *® 5.22 6.50 232 3.08 b
(uM 4h "y (mgCI ) lower 6,30 6.51 3.36 4.39 = 4,46 4.41 2.16 279 *hE

*Respiralion rate during 1800-2200

4P <005 P < 001, %4 P < 0.001; unpaired-samples -test. DO, Dissolved oxygen; DIC, dissolved inorganic carbon; POC, parliculale organic

carbon; DOC, dissolved inorganic carbon

for DIC) was comparable with values obtained by DO mea-
surement in previous studies [1.5 to 3 (Grobbelaar and
Soeder 1985); 1.4 (Weger et al. 1989); 1.7 (Walanabe and
Kimura 1990); 1.3 to 1.9 (Sampou and Kemp 1994)]. As {or
DO, our values of time coefficients (or the exponential
model (0.059 * 0.013h"") were fairly close to those reported
by Markager et al, {1992) for the period from 2 to 10 h after
the onset of darkness (0.042h7"), but they were rather
smalier than their coefficients of around 0.3h™" and 0.1 to
0.2h™" for the initial 2h of darkness in their daytime and
nighttime incubations, respectively.

Maodel 4, which extrapolated nighttime respiration rates
to the preceding daytime, yielded the highest coefficient
for the correlation between the influence of light on pheto-
synthetic rate integrated over depth and time and chloro-
phyll a-specific gross productivity. Weger et al. (1989)
reported O, consumption in the light averaging 54 umol
(mg Chla)™*h*', declining to 40 umol (mg Chla)™'h™" just af-
ter darkness and to 29 pmol (mg Chla)™'h™" at the end of the
dark period, and then increasing to S2umol (mgChla) ™ h™*
upon subsequent illumination in a dialom culture
(Thalassiosira weisflogii). Higher respiration rales during
the daytime (44.1pmoll™'h™') than the nighttime
(23.1pmol 1 hr™) have also been determined for samples
obtained from a fertile earthen pond (Szyper et al. 1992). In
these cases, the ratios of daytime to nighttime respiration
rates were calculated to be around 1.5 to 1.9, Watanabe and
Kimura {1990) measured low respiration in the morning in
a Microcystis population blooming in a natural pond, and
respiration there increased during daytime. The negative
y intercept on our GP/B versus I, curves suggests that
light stimulated daytime respiration and that all of the six
models we evaluated may have underestimated daytime
respiration, ’

The relationships between estimated daytime gross pro-
duction and respiration rates supgest that respiration just
after sunset is regulated by the preceding gross production,
but that respiration long after nightfall approaches’the mini-
mum metabolic rate of the community, This agrees with
experimental resulis showing that the respiration rates of
planktonic cyanobacteria (Gibson 1975) and green algae
(Grobbelaar and Soeder 1985) became steady after 8h in

the dark. Jensen ct al. (1990} reported that community res-
piration was significantly correlated with gross productivity
of phytoplankton and net production of bacterioplankton in
a shallow, very edtrophic estuary. Thus, gross produciivity
greatly affects respiration at the beginning of the night, and
this influence declines with time.

The nighttime increase in RQ we observed sugpests a
temporal change in the composition of respiratory sub-
strates or the final product of nitrogen calabolism, and/or
temporal decoupling belween DO consumption and DIC
release. None of Lthese possibilities seems particularly likely.
Anincrease in RQ due to a change in respiratory subsirates
could result from a decrease in the rates of oxidation of
nitrogen-rich organic substrales in the ponds (Laws 1991;
Williams and Robertson 1991). However, fixed carbohy-
drates, containing no nitrogen, may be a primary respira-
tory substrate loflowing the onset of darkness {Watanabe
and Kimura 1990; Markager et al. 1992}, if so, then the
nighttime RQ should decrease with time due to increasing
oxidation of more nitrogen-rich substrates as these carbo-
hydrates are depleted,

Gallegos et al. (1983) reported an asynchrony be-
tween the rates of oxygen production and DIC uptake ina
mixed culture of phytoplankton grown outdoors in natural
light, indicating a “CO, concentrating mechanism” of phy-
toplankton growing under CO,-depleted conditions. How-
ever, it is hard to imagine such an uncoupling of oxygen and
carbon metabolism being maintained by phytoplankton
cells over extended periods in the dark. Some studies of RQ
evaluated it in axenic or monospecific cultures. In contrast,
our measurements were conducted in a more complex and
open system with diverse biota and various microenviron-
ments. The range of conditions and reactions in our system
was probably wider than those for the culture experiments.
In any case, further research is necessary to understand the
nighttime increases in RQ we observed.

As shown above, the nighttime respiration rates corre-
lated welt with gross production rates, biomass of several
calegories, and daily net community production (daily, both
for all ponds together and for each pond). We applied
multiple regression analysis to examine how the respiration
rates could be explained by all of the following factors
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Table 7. Most influential variables affecting nighttime respiration rates A (1800 1o 2200) and B (0400 to 05(K) and squares of muhtiple regression
coeflicients (adjusted by degrues of frecdum) by stepwise multiple regression with the variables down (o the seventh most influential

Rank of influence DO

BIC

Respiration A

Respiration BB

Respiration A Respiration B

| GP: 0.173 G 0236 G 0678 GP: 0097

2 Fish C: 0.446 Detritus C; (0.338 NCP; 0.831 NCP; 0.256

3 NCP: 0.673 Zooplankton C: 0.372 Fish C: 0.868 DOC: (1,284

All items All 7 ftems: 0,781 All 7 items; 0,500 All 7 ilems: 0,874 All 7items: (L296

Number of observations: 125 far DO, 127 for BIC; GP, gross praduction; NCP, net community production: RO, dissobved oxygen, DIC, dissolved

inorganic carbon; DOC, dissolved organic carbon

irrespective of pond, depth, and day (independent vari-
ables: daytime gross production rate, phytoplankionic C,
zooplanktonic C, detrital C, fish C, DOC, and daily net
“community production; number of ebservations: DO 125,
DIC 127). Because the propartions of variation explained
by the variables (as expressed by the squares of the regres-
sion coefficients) (Table 7} were fairly high (DO 78%, DIC
87%} for the respiration rates from 1800 to 2200, the influ-
ence of other factors on respiration during that period must
be relatively unimportant. In contrast, the squared coeffi-
cients for the rates from 0400 1o 0500 were rather low (DO
30%, DIC 30%}; thus, we need to seek other factors influ-
encing the minimum respiration rale at night. The gross
production rate always explained more of the variabilily in
nighttime respiration rates than any other factor, but the
second mast predictive factor varied {Table 7).

Conclusions

We have demonstrated the usefulness of continuous free-
walter measurements of DO and pH assessment of com-
munity productivity and respiration. Nighttime respiration
decreased with lime, but the time coefficients for DO and
DIC diifered. Respiratory quotients increased with time
during the night. Although the cause(s) of nighttime respi-
ratory quotient rises are unclear, the analysis of differences
between DO and DIC dynamics can provide new insights
into the functioning of aquatic systems,

Of the many factors evaluated, gross production had the
greatest effect on respiration rates after nightfall; in fact, the
factors we evaluated could account for most of the observed
between-pond and day-lo-day variability in evening respira-
tion. Hlowever, predawn respiration was not well explained
by the factors we tested; further research will be necessary
to identily factors controlling basal community respiration
rates. Knowledge of respiration-regulating factors should
facilitate development of a respiration model that can pre-
diet nighttime DO decline in aguatic environments (rom
easily monitored water quality data,

Acknowledgments We thank Prof. T. Hanazato for helplul comiments
on estimation of zooplankton biomass. Thanks also to Ms, M. Hata and
Ms. C. Matsunaga for help with calibration of the sensors and measure-
ment of water quality in the ponds.

References

Aristegui J, Montero MF, Ballesteros §, Basterretxea G, Lenning K
(1996) Planktonic primary production and microbial respiration
measured by “C assimitation and dissolved oxygen changes in
coastal waters of the Antarctic Peninsula during austral summer:
implications for carbon flux siudies. Mar Ecol Prog Ser 132:191-201

Bensen BB, Krause D jr (1980) The concentration and isotopic {rac-
tionation of gases dissolved in freshwater in equilibrium with the
atmosphere. 1 Oxygen, Limnol Oceanogr 25:662-671

Buch K (1951) Das Kohlensacure Gleichgewichissystem in
Meerwasser. Havsforskingsinstilutes Skrift Helsinglors No. 151

DOE (19%4) Handbook of methods {ar the analysis of the various
parameters of the carbon dioxide system in sea water, ver. 2
(Dickson AG, Goyet C, eds)

Fukushima T, Matsushige K, Aizaki M, Park J, Goma RH, Kang P
(1995a} Effect of fish on water quality and nutrient cycle from an
outdoor pond experiment (in Japanese). J Jpn Soc Water Environ
(8:883-893

Fukushima T, Matsushige K, Weisburd RSJ (1995b) Estimation of the
rates of primary producticn, respiration and gas exchange with con-
tinuously measured DO and pH data (in Japanese). ] Jpn Soc Waler
Environ 18:279-289

Fukuslkima ¥, Matsushige K, Weisburd RS8J, Hata M, Hosomi M
(19953c) Evaluation of the carbon eycle and metabalic characteristics
of outdoor experimental ponds with continuously measured DO and
pH data (in Japanese). J Jpn Soc Waler Environ 18:775-765

Fukushima T, Imai A, Matsushige K, Alzaki M, Otsuki A (1996) Fresh-
water DOC measurements by high-temperature combustion: com-
parison of differential (DTC ~ DIC) and DIC purging methods.
Waler Res 30:2717-2722

Gallegos CL., Church MR, Kelly MG, Hornberger GM (1983)
Asynchrony belween rates of oxygen production and inorganic car-
bon uplake in a mixed culture of phytoplankton. Arch Hydrobiol
96:164-175

Gieskes IM (£974) The alkalinity — total carbon dioxide system in
seawaler, In: Goldberg ED (ed) The Sea, vol. 5. Wiley-Interscience,
New York, p 125

Gibsou CE (1975) Field and laboratory study of oxygen uptake by
planktonio blue-green algae. J Ecol 63:867-879

Gran G (1952) Determination of the equivalence point in potentiomet-
ric titrations. Part 2. Analyst 77:661-671

Grobbelaar JU, Soeder CJ (1985) Respiration losses in planktlonic
green algae cultivaled in raceway ponds. J Plankton Res 7:497-508

Harned HS, Owen BB (1958} The physical chemistry of eloctrolytic
solutions. 3rd ed. Van Nostrand Reinhold, New York

Hartman B, Hammond DE (1985) Gas exchange in San Francisca Bay.
Hydrobiclogia 129:59-68

Jensen LM, Sand-Jensen K, Marcher 8, Hansen M (1990) Plankton
communily respiration along a nutrient gradient in a shallew Danish
estuary. Mar Ecol Prog Ser 61:75-85

Laws BEA {1991) Photosynthetic quotients, new production and net
communily production in the open ccean. Deep-Sen Res 38:143-167

Maberly SC (1996) Diel, episodic and seasonal changes in pH and
concenfrations of inorganic carbon in a productive lake. Freshwater
Biol 35:579-598



174}

Madenjian CM, Rogers GL, Fast AW (1988) Predicling nighttime
dissolved axygen loss in syuaculiure ponds. Can J Fish Aquat Sci
45:1842-1847

Markager 5, Sand-Jensen K (1989) Palleras of nighllime respiration in
a dense phytoplankion communily under a natural light regime, J
Ecol 77:49-61

Markaper S, Jespersen A, Madsen TV, Berdulel €, Weisburd RS}
{1992) Dicl changes in dark respiration in a plankton community.
Hydrobiglogia 238:119-130

Marker AF, Nush EA, Rai H, Riemann RJ (1980} The measurement of
photosynthetic pigments in freshwaters and standardization of meth-
ods: conclusion and recommenditions. Arch Hydrobiol Belh Frpebn
Limnaol 14:91-106

Matsuoka Y (1984) A eutrophication model of Lake Kasumigaura (in
Japanese) Res Rep Natl Inst Environ Stud 54:53-242

Park J, Aizaki M, Fukushima T, Otsuki A (1997) Praduetion of labile
and refractery dissolved arganic carbon by rooplankion exeretion:
an experimental study using large outdoor continuous flow-through
ponds. Can J Fish Aquat Sci 54:434-443

Sampou P, Kemp WM (1994) Faclors regulating plankion community
respiralion in Chesapeake Bay, Mar Ecal Prog Ser 110;249-258

Smith EL (1936) Photosynthesis in relation to light and carbon dioxide.
Proc Matl Acad Sci USA 22:504-511

Smith SV (1985) Physical, chemical and biological characteristics of
CO, gas fux across the air-water interface. Plant Cell Environ 8:387-
398

Stumm W, Morgan 1J {1981) Aquatic chemisiry. 2nd ed. Wiley-
Interscience, New York

Szyper IP, Rosenfetd JZ, Piedrahita RH, Giovannini P (1992) Dicl
cyeles of plinkilonic respiration rates in bricfly incubated water
sumples from a ferlile earthen pond. Limnol Oceanogr 37:1193-
1201

Witanabe ¥, Kimura F (1990) Effect of cellular carbohydrate content
and nutrient status on the respiratory oxypen uptake rate of a
Microcystis population in a eutrophic pond. Mar Mierobial Food
Webs 4:129-138

Weger HG, Herzig R, Falkowski PG, Turpin DH (1989) Respiratory
losses i the light in a marine dizlom: measurements by shorl-lerm
mass speciromeltry, Limnol Oceanogr 34:1153-1161

Weisburd SIR, Ishii M, Fukushima T, Otsuki A (1995) Methods for
measurement of dissolved inorganic carbon in natural waters. Jpn J
Limnol 56:221-226

Weisburd SIR, Laws EA (1990 Free water productivity mea-
surements in leaky mariculiure ponds. Aquaculiure Eng 9:377-404

Williams PllcB (1984) A review of measurements of respiration of
marine plankton populations, [n: Hobbie IA, Williams Pllel (eds)
Heteratroplic activily in the sea. Plenum Press, New York, pp 357~
189

Williams PJleB, Roberison JE (1991) Qverall planktlonic oxygen and
carbon dioxide metabolisms: the problem of reconciling observa-
tions and calculations of photosynthetic quotients, J Plankton Res
13:153-169



ENVIRONMENTAL
POLLUTION

Enviromnental Pollution 11E (2001) 263-.272
www.elsevier.comflocatefenvpol

Nutrient dynamics and the eutrophication of shallow lakes
Kasumigaura (Japan), Donghu (PR China), and
Okeechobee (USA)

K.E. Havens®*, T, Fukushima?®, P, Xie¢, T. Iwakumad, R.T. James?,
N, Takamura®, T. Hanazato , T. Yamamoto 3

“South Florida Warer Manageinent District, PO Box 24680, West Palm Beach, FL 33416-4680, USA
YDepartuent af Civil and Envirenmental Engineering, Hivosiima University, Hireshine 739, Japan
SDonghu Experinental Station of Lake Ecosystents, The Chinese Academy of Sciences, Wiltan 430072, People's Republic of Chine
dGraduate School of Earth Envivenmental Seience, Hokkaido University, Sappero 060, Japan
*Regional Envivomment Division, Netional Institute for Envivomnensal Studies, 16-2 Gurogewa, Tsukuba 305, Japon
ISuwa Hydrobiological Station, Shinstu University, 5-2-4 Kogandori, Suwa, Nuagano 392, Japan
Efbaraki Prefeciure, Tsuchivra, Japan

Received 2 Seplember 1999; accepted 15 January 2000
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eutrophication models.

Abstract

We compared the nutrient dynamics of three lakes that have been heavily influenced by point and non-point saurce pollution and
other human activities. The lakes, located in Japan (Lake Kasomigaura), People's Republic of China (Lake Donghu), and the USA
(Lake Okeechobee), alt are relatively large (> 30 km?), very shallow (<4 m mean depth), and eutrophic, In all three Jakes we found
strong interactions among the sediments, water celumn, and human activities, Important processes affecting nutrient dynamics
included nitrogen fixation, light limitation due to resuspended sediments, and intense grazing on algae by cultured fish. As a resull
of these complex interactions, simple empirical models developed to predict in-lake responses of totat phosphorus and algal biomass
to external nutrient loads must be used with caution. While published models may provide ‘good’ results, in terms of model output
maiching actual dala, this may not be due to aceurate representation of lake processes in the models, The variable nutrient
ynamics that we observed among the three study lakes appears to be typical for shallow lake systems. This indicates that a greater
reliance on lake-specific research may be required for effeclive management, and a lesser role of inter-Inke generalization than is
possible for deeper, dimictic lake systems, Furthermore, accurate predictions of management impacts in shallow eutrophic lakes
may require the use of relatively complex deterministic modeling tools, © 2000 Elsevier Science Lid. All rights reserved.

Kepwords: Shallow lakes; Nutrient cycling; Phosphorus; E.uh'bphicnlion models

water column and resuspension of unconsolidated sedi-
ments (Ishikawa and Tanaka, 1993); and (3) substantial
internal loading of nutrients (rom the sedimenis to

1. Introduction

Shallow, polymictic lakes display a number of fea-

turcs that sel them apart from the more often-studied
deeper, dimictic systems: (1) a lack of stable long-term
thermal stratification (Beaver et al., 1981; Muraoka and
Fukushima, 1981); (2) frequent mixing of the entire

* Corresponding anthor. Tel: + 1-561-687-6534; fux: +1-561-687-
5442, :
E-mail address: kKhavensi@sfwmd.gov (K.E. Havens).

water column (Goda and Matsuocka, 1986; Sondergaard
et al., 1992). In iakes that have such features, water
quality conditions [total phospliorus (P) concentrations,
turbidity, chlorophyli a, and algal blooms} may have
complex relationships with external putrient loads
and in-lake processing (Sas, 1989). Such lakes also
may be refatively unresponsive lo watershed nutrient
management programs (Sas, 198%; Welch and Cooke,
1995).

0269-7491/00/F - sce front madter 2000 Elsevier Science Lid.: All rights reserved,
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In recent years, there has been considerable research
that provides a better understanding of shallow lake
nutrient dynamics. This work has been driven by a need
to develop successful approaches (both in-lake énd in the
waltershed) for protecting or enhancing water guality
(e.g. Van Liere and Gulati, 1992). Studies have included
long-term observations (Aizaki and Otsuki, 1987; James
clal., 1995a,b), experimental manipulations (Moss et al.,
1996), detailed studics of the processes involved in
nutrient cycling and trophic dynamics (Fukushima et
al., 1987; Olila and Reddy, 1993), and the application of
dynamic models (Goda and Matsuoka, 1986; Matsuoka
el al,, 1986; James et al., 1997).

One approach that is useful for identifying general
properties ol shallow lakes is the comparison of
research results from different ecosystems, as has been
done with some lakes in Europe (Sas, 1989) and the
USA (Havens et al., 1999). This is the chiective of this
paper, which is a produet of a shallow lake workshop
held in Tsukuba, Japan, in October 1993, at the
National Tnstitute for Environmental Studies (NIES).
Discussions at the workshop locused on limnological
features, human impacts, and resource management
issues dealing with three shallow lakes (Fig. 1): Luke
Kasumigaura {Japan), Lake Donghu (PR China), and
Lake Okeechobee (USA). The three lakes all are shal-
low and eutrophic, and they are heavily influenced by
human actions. However, they differ in terms of key

~ limnological attributes, relationships among attributes,
and the nature of human influences. Taken together, the
case studies presented here provide good insight into the
major issues of cutrophication management in shallow
lake ecosystems. .
. The objectives of the paper include the presentation
and comparison of: (1) general properties of the lakes
and their watersheds; (2) nutrient budgets and trophic
slate classifications; (3) major processes affecting in-lake
P concentrations; and (4) the utility of empirical models
for predicting shallow lake responses to external nutrient

Locations of the Three Shallow Lakes

Fig. 1. Giobal map showing the focation o three kikes considered in (his
study, 1, Lake Qkeechobece: 2, Lake Kuswmigawm; 3, Loke Danghu.

load reductions, In the last item, we consider simple
correlative models relating nutrients to algal biomass
within the lake, and Vollenweider-lype input-output
models relating in-lake nutrient concentrations (o loads.
These simple tools are still widely used by lake man-
agers, and by these case studies, we demonsirate where
they may have serious shortcomings.

2. Lake characteristics

Lake Kasumigaura (Table 1) is a moderate-size shal-
low lake located in the [baraki Prefeciure, approxi-
mately 50 km northeast of Tokyo, Japan. The lake
originally was a brackish-water lagoon, with indirect
connections to the Pacific Ocean via the Hitachigawa
and Tone Rivers. In 1963, a gate was constructed near
the confluence of these rivers, disconnecting Lhe lake
from its sources of ocean water. Since that time, sali-
nities have declined, and today the lake conlains [resh
water. Water depths average 4.0 m, with little seasonal
or year-to-year variation. Due to a canstruction project
completed in the mid-1970s, the shoreline of the lake
consists largely of a concrete dike. As a result, the pela-
gic region dominates this ecosystem. Major land uses in
the watershed are rice paddy fields, plowed flelds for
other row crops, and it orchards, Taken together,
they accouml for 5)% of the watershed area. Natural,
undeveloped lands account for 30% of the watershed,
and [2% of the land has urban, industrial, and residen-
tial uses, The 620,000 humans who live in the watershed
are concentrated near the lake, primarily in Lhe cily of
Tsuchiura. In urban areas, centralized sewage systems
capture water and waste, and divert most of it tg~lreal-
ment plants outside the watershed. In rural areas, most
human habitations have septic systems.

Lake Donghu is a small shatllow lake located in
Wuhan City, in the Hubei Province of the People's
Republic of China. The lake was formed in the early

Tabte |
General features of the three lnkes and wilersheds
Autribute Lake Luke Lake
Kasumignura  Donghu  Okeechobee
Qrigin recession Lagoon Lateral Ocean
Latitude 36.02 N 033N 26,58 N
Longitude 140,23 E 11423 E 80,50 W
Elevation (n) 0.6 0,00 0.00
Lake area (ki) 168 g 1740
Menn depth (in) 4.0 2.2 a7
Maxinal depth (im) 1.0 4.8 5.5
Luke valunte (kmY} 0.65 0.00 4.73
Residence time (ty, yeurs) 0,57 0,43 R
Waershed aren {km?) 429 97 22,500
MNutural shoreline (%) 0 ] 0
Huwmnan population 620.000 200,000 50,000
Population density (km=7) 434 2002 2
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Holocene as a *lateral lake’ atlached to the right bank of
the Chang Jiang River. The lake has been developed and
modified for water storage and flood control purposes,
and today there is no nawural shoreline. A number of
roadway dikes have been construcled across the lake,
dividing il into several distinet basins. Inter-basin water
exchange occurs only through bridge under-passes and
culverls beneath the roadways. Water depths average 2.2
m, and display little seasonal or year-lo-year variation.
This stability is maintained by pumping water into the
lake from a nearby river during Lhe dry season to ensure a
continuous water supply (4 million liters day™') for a
large steel mill. Agriculiure accounts for 72% of land use
in the watershed, and the remaining 28% is urban,
industrial, and residential. The human population loca-
ted within the walershed is 200,000, although Wuhan
City contains over 4 million people. At present, untreated
waste from portions ol the cily is discharged into the lake,

Lake QOkeechobee is located approximately 100 km to
the northwest of the city of Miami, in Florida, USA. It
is one of the largest lakes in North America, bul has a
shallow depth that averages 2.7 m, The natural lake
originated 6000 years ago during oceanic recession, and
it occurs in a region thal once was a depressed area of
the ocean floor. In the mid-1900s, a flood control dike
was constructed around the lake, and today, water
inputs and outputs are controlled by locks and gates,
Water depths vary considerably from year-to-year and
belween the summer wet and winter dry seasons
(Aumen, 1995; Havens, 1997); surface elevations as high
as 5.5 m above mean sea level (m.s.l.) may occur during
the sununer rainy season (May-October}, and minima
as low as 3.5 m above mean sea level (m.sl) have
occurred during the winter dry season (Movember-
March). Variations in lake water levels may exert sub-
stantial ecological efTects, especially in the large littoral
zone, which occupies 25% of this lake's total surface
area. In the Lake Okeechobee watershed, the major
land use is animal agriculture, especially beef cattle
pastures, which account lor 32% of the Iand (Flaig and
Havens, 1995). Nearly 40% of the land is undeveloped,
and 18 and 10% are used for crop plants, and urban/
vesidential purposes, respectively. The human popula-
tion is quite smail (approximately 30,000, or 2 persons
km™?), and located in small towns adjacent to the peri-
mneter dike, There are no human habitations directly on
the lake shore. Urban areas use centralized sewapge
treatment systems, while rural areas ulilize seplic sys-
tems for treatment of domeslic waste.

3, Materials and methods
OQur objective, Tormulated at the workshap, was to

compare and contrast the three lakes using data that
included a suflicient period of record to account for

natural year-lo-year variations in limnological condi-
tions. For Lake Kasumigaura and Lake Okeechobee,
which have bencfited from long-term comprehensive
research and monitoring programs, we evaluated data
collected during approximately the last decade. It was
not possible Lo use this approach lor Lake Denghu,
because there has not been a regular propram to quanlify
nutrient loads coincident with measurements of in-lake
conditions. Such data existed only for the year 1997-98,
when complete P and nitrogen (N) mass balances were
determined along with routine water qualily sampling.
However, according to researchers studying the lake,
this year is representative of conditions during the last
decade, Furthermore, 1997-98 was not an atypical year
in terms of rainfall or other weather conditions in the
region,

A nutrient budgel for Lake Kasumigaura was based
on Lhe average of 10 years of data. Surface inputs and
outputs of P and N were estiinated using data on waler
measured al 14 river gauging stations, and empirical
relationships between the inputs and outpuls with
nutrient concenirations (Ebise, 1981; Muracka, [981).
Bulk (wet+ dry) atmospheric inputs of N and P were
determined from concentration and amount collectors
locaied in the walershed and maintained by the NIES.
Total loads directly onto the lake surface were estimated
from lake surface area and the measured areal loading
rates. In-lake nutrient concentrations were determined
from monthly samples cotlected by: (1) the NIES at 10
pelagic sites; (2) the Ibaraki Prefecture al six pelagic
sites; and (3) the Ministry of Construction at eight
peiagic sites. Total P, total N, and chlorophyll & con-
centrations were measured in the laboratory using stan-
dard methaods, and the total mass of P and N in the lake
at any piven time was estimated as concentration times
volume. The lake volumes were determined from daily
estimates of water depth at a central lake station (Min-
istty of Construction and Fresh-water TFish Experi-
mental Station, Ibaraki), and established volume versus
depth relationships based on a morphometric map of
the lake. Detailed studies of the sediments in Lake
Kasumigaura have also been conducted, inchuding
measurements of P and N pool sizes and flux rates to
and from the water column, Information regarding Lhis
internal P cycling may be found in Goda and Malsuoka
(1986) and Otsubo and Muracka (i987).

Hydrologic and nutrient loading data for Lake Don-
ghu, from the vear 1997-98, have not been previously
published bul are avaifable by contactling the co-author,
Dr. Xie. The data sel includes estimates of tributary
inputs and surface runofl, based on weekly estimates of
flow and N and P concentrations {measured by standard
methods); atmospheric loads (wet+dry), based on near-
shore concentration and amount collectors; and industrial
and domestic sources, based on weekly measurements of
inflow volumes and N and P concentrations af discharge
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culverts draining directly to the lake from developed
regions of the watershed. There also are estimales of
nutrient exports from the lake by commercial fish har-
vesting, public water supply, and surface oulllows. In-
lake concentration and mass data were based on lake
volume estimales and measurements of total P and total
N, determined on a monthly basis [fom samples collected

at four in-lake stations. Chlorophyll @ was mcasured at a

single mid-fake station,

A nutrient budgel for Lake Okeechobee was based on
the average of 10 years of data. Nutrient inputs and
outputs to the lake were determined by the South Flor-
ida Water Managemen! District (SFWMD) at 32 sites
where water enters or exits the lake via gates, pumps, or
locks. Continuous or daily water flow rates were esti-
mated lrom waler depths at these structures using rating
curves, Total N and P concentrations were measured in
a variety of weekly, flow composite, and time-con-
tinuous samples using standard methods (USEPA,
1979, 1987), and loading rates were calculated as flow
times concentration, with linear interpolation of data
where necessary. Due 10 recurrent problems with con-
tamination of bulk precipitation collectors by insects
and bird excrement, atmospheric inputs were estimated
as 35 mgP m~? year~! and 1809 mgN m~2 year™!, based
on peat accrelion measurements made in the nearby
Florida Everglades (Walker, 1993). In-lake total P and
N concentrations were determined from biweekly
(May-October) or monthly (November—April) near-
surface samples collected by the SFWMD al eight pela-
gic sites. The total mass of P and N in the lake at any
given time was determined as average couceatration
times volume. Lake volume estimates were derived from
daily waler levels measured at 19 stations within the lake,
and a volume versus depth relalionship derived from a
[ake morphomelric map. Detailed information regarding
nutrient load calculations, and the collection and analy-
sis of samples for total P, total N, and chlorophyll « are
described in James et al. (1995a, b). In addition, sediment
P composition and dynamics have been studied, and the
methods may be found in Olila and Reddy (1993), Kirby
et al. (1994), and Olila et al. (1995).

4. Results and discussion
4.1, P budgets and trophic classifications

The concentration of total P in Lake Kasumigaura
averaged 75 pg 1! and the total mass of P in the water
column was 49 metric tons {Table 2). The yearly P input
to the lake was 220 1, the areal load (Ly) was 1.3 g m™
year™!', and the mass outpul was 78 t, The lake retained
65% of its P load on a yearly basis. The net P sedi-
mentation coeflicient (o) of 2.9 year~" indicates that the
sediments were a strong sink for P (Vaollenweider, 1975).

Table 2

Phosphorus () and nitragen {(N) budgets for the three likes"

Altribute Lake Lake Lake
Kasumigiaura Donghu  Qkeechobee

Phasphorus

Lake concentralion (ug TP =% 75 400 98

Lake mass (10% kg P} 49 24 464

Inpwt (107 kg P year-") 220 05 426

Ouiput (10° kg I yeur™") 78 10 148

Met sink (107 kg P year—1) 142 (65%) 85 (D0%) 278 (65%)

o (year™') 2.9 15 0.6

Nitrogen

Lake concentration {wg TN 11} 1095 1082 1504

Lake mass (10% kg N) 712 185 7115

nput (103 kg N year™") 3890 1480 5554

Cutput (10° kg N year—!) 1193 585 2986

Net sink (10% kg N year~!) 2697 (69%) 895 (60%) 2568 (4G%}

o (year™) 1.8 4.8 .3

U The net sedimentation coeflicients (o) were calculaled as net sink/
lake mass.

We evaluated the lake's trophic state using the simple
input-output model of Vollenweider (1975), {P]= Lp/
(10 g¢), where Lp is the areal P loading rate (g m~>
year~!), g, is the hydraulic loading rate (=z/ty, m
year~"), and [P] is the lake watei total P concentration
(ug 1™, In the equation for hydraulic loading, z=mean
depth of the lake (volume/area) and 1, is water resi-
dence time in years. By substituting a concentration
goal for [P] into the Vollenweider model, one can obtain
a loading target for the watershed that can be used to
guide management eflorts. Here we consider the [P]
goals of 20 and 10 pg 17!, which Vollenweider (1975)
defined as ‘excessive’ and ‘permissible’ isolines on a
loading diagram (Fig. 2A) that delineale entraphic,
mesotrophic, and oligotrophic zones. With ¢;=6.5 m
vear™ and Lp=1.3 gP m~? year™' Luke Kasumigaura
is classified as highly eutrophic,

The total P concentration in Lake Donghu was 400
pg 17! and the total mass of P in the water column was
24 metric tons, The high total P conceutration is con-
sistent with the high yearly mass input (95 1) and the
high areal loading rate (3.2 gP m™2 year™'). The output
of P (rom the lake was 10 t year~! and the lake retained
80% of its P inputs. A sedimentation coeflicient of 3.5
year—! indicates an even stronger retention of P than in
Lake Kasumigaura, Relatively large sedimentation loss
terms have been reported for other urban lakes (e.g.
Cuilen et al., 1978), and may reflect the fact that much
of the P in storm water yunoll is associaled wilh rela-
tively large particles. With a hydraunlic loading rate of
5.5 m year~! and the high areal P load, Lake Donghu is
classified as highly eutrophic according to the Vollen-
weider diagram,

The water column of Luke Okeechobee (100 pg I~
tatal P) contained 460 t of P, and had inputs and oul-
puts of 426 and 148 t year—!, respectively. The lake
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Fig. 2. Trophic classifications of the three lakes according to Vollen-
weider's {1975) (A) phospherus loading diagrim and (B) nitrogen
loading dingram. In each panel, the two isolines separate regions of
oligotrophic (boltom), mesotrophic (middle), and eutrophic (upper)
lakes. Loading model teems are as defined in the texi.

retained 65% of its P inpuls, however ¢ was only 0.6
year—!, With ¢,=1.0 m year~! and Lp=0.24 g m~
year—!, Lake Okeechobee is located just at the eutrophic
to mesotrophic boundary in the Vollenweider diagram.
In the last two decades, the value of o appears to have
declined in Lake Okeechobee, from approximately 2.0
year~! in the 1970s to near 0.2 year—! in the mid-1990s
(Havens and James, 1997), Our most recent calculations
(1998-99) indicate that the lake now assimilates just
30% of the P inputs. This indicates that the ability to
sequesler P from the waler has been reduced. Perhaps
the sediments are becoming salurated with P, or for
s oine other reason the rate of particle sedimentation has
declined. A study conducted in 1988 indicated that the
sediments had a large P storage capacity (Reddy et al,,
1995); however, a re-analysis of fake sediments in 1999
(in progress) indicates that a greater percentage of sedi-
mient P now is in the soluble form. This is further evi-
dence of a loss of P assimilative capacity in the lake, IT
falls below 0 year™' there will be net positive loading of
P to the water column. Lakes with this condition gen-
erally are hyperenirophic, experience severe problenis
“with algal blooms (Sas, 1989), and are very resistant to
efforts to change Lheir trophic state (Barica, 1995).

4.2. N budgets, rophic classifications and N:P ratios

The total mass of N in the water column of Lake
Kasumigaura averaged 712 { (Table 2}, with an average
input of 3890 t year—, and an ouwtput of 1193 t year~'.
The totat N concentration in lake water averaged 1095
pg 1% The N mass balance indicated a net deficit of
69% of inputs, and o=3.8 year~!. These resulls indi-
cate thal either the sediment is a strong sink for N, or
that there are large N losses [rom the system by other
processes, such as denitrification.

Volienweider (1975) indicated that critical areal load-
ing rates for N also could be derived by multiplying the
in-lake P goals by a 15:1 total N:P ratio, and then sub-
stituting the resulting total N wvalues into the loading
model given above. Taking this approach, we obtain a
loading diagram (Fig. 2B) that classifies Lake Kasumi-
gaura as highly eutrophic, with a 10-year average value
of Ly (23,15 g m™? year™!) that greatly exceeds the
excessive rate,

The lotal mass of N in Lake Donghu's water column
was 185 I, and the lake water tolal N concentration
averaged 3083 pg 17! The input of N 1o the lake was
3.890 t year—!, while the culput was only 585 t year~!.
This equates Lo a loss of 60% of the inputs, and again
may reflect N transfers to sediments or the atmosphere.
According to the Vollenweider diagram, arcal N loading
(49.33 g m™2 year—!) was excessive,

The water columin of Lake Okeechobee contained, on
average, 7015 t of N, and the lake water total N con-
centration averaged 1504 pg 1=, The N inpuis and out-
puls averaged 5554 and 2986 t year~!, respectively. The
areal N loading rate was below the boundary for exces-
sive loading, in the mesotrophic area of the Vollenwei-
der diagram. There was a net loss of 46% of the N
inputs to the system, with o=0.3 year—!. These resulls
suggest that Lake Okeechobee is not as strong a sink for
N as the other two lakes. This is not intuitive, because
the warm subtropical waters would be expected to favor
rapid microbial processes such as denitrification in the
Florida take. What actually might be ihe case is that in
Lake Okeechobee, a large source of N input is not
accounied for in the budget, in particular the process of
N, fixation. In a comprehensive study that measured N
fixation rates at |8 pelagic locations during 1989 to 1992
{Phlips and Thnat, 1993), it was observed that N, fixa-
tion could account for aver 30% of the N inputs.
Dominant taxa forming surface blooms in Lake Okee-
chobee include heterocystous species such as Anabaend
circinalis and Aphanizontenon flosaguae (Havens et al.,
1998). In contrasl, the blooms of phytoplankton of Lake
Kasumigaura primarily are dominated by Raphidiopsis,
Oscillatoria, and Lynghya (Takamura et al., 1998) taxa
Lthat are not Nj-fixers. Lake Donghu once disptayed sur-
lace blooms that included Anabeaena, but more recently,
the dominant algae are diatoms, cryptophytes, and small .
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non-helerocystous cyanobacteria (Xie, 1996). The Laxo-
nomic shifl in Lake Donghu was atributed to intense
grazing on larger cyanobacteria by filler-feeding silver
carp. In summary, strong loss processes may exist for N
in all three lakes. This is nol as eviden!t from a tradi-
tional N mass balance in Lake Okeechobee, however,
because it does not include N4 fixation, a process that
may be of great importance in that particular lake.

4.3, Sources and sinks for P

Detailed studies of P dynamics in Lake Kasumigaura
and Lake Okeechobee have indicaled complex interac-
tions between the sediments and water column, and stu-
dies inall three lakes have documented the importance of
biological processes to the internal P cyeling,

In Lake Kasumigaura, the total mass of P in the
upper, biologically active layer (0-5 c¢m) of sediments
exceeded the mass of P in the water coluimn by 29 times
(Fig. 3A). It is estimated (Goda and Matsuoka, 1986)
that internal loading of P from sediments to water col-
umn is 396 t year~!, which is 60% greater than the
external loading rate. The major process of internal
loading was biological resuspension. DifTusion aceoun-
ted for a smaller portion of the internal P load, although
it may be a major source ol P during mid-summer, when
the bottom waters of this lake periodically become
anoxic (Ishikawa and Tanaka, 1993). The major in-lake
loss process for P was sedimentation of particulate
material (Matsuoka et al., 1986). Other small loss terms
(but of the same magnitude as exports by swlace out-
flows) included iisect emergence and fish harvesting.

In the case of Lake Donghu (Fig. 3B), there were no
data for the internal P cycle, but there are good esti-
mates of P exports by commercial fish harvesting —
these averaged ¢ t year™!, and approximately equal the
amount of P exported in the lake ouflows. As indicated
above, 76 t year~! of P was lost to the sediments in this
lake, perhaps as.settling particulate material. However,
the rales of particular sediment—water transfer processes
have not been estimated.

The upper, biologically active layer (0-10 cm) of
sediments in Lake Okeechobee contained 24,700 t of P
(Fig. 3C), more than 53 times the amount in the water
column (Reddy et al,, 1995), Wind resuspension is the
major process whereby sediment P is periodically
returned to the water column. The estimated rate, based
on laboratory studies and hydredynamic modeling, is
744 t year~!, which is 75% grealer than the measured

cexternal load. Diffusive fluxes, also estimated in the
labaratory (Moore and Reddy, 1994), are thought Lo be
an order of magnitude lower. Flowever, this assuimes that
anoxic conditions do nol occur in the water column, We
recently have completed a 2-year study of redox condi-
tions at the sediment—water interface in Lake Okeecho-
bee, During summer, it is typical to observe diel changes
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Fig. 3. Phosphorus (P) mass-balances for (A) Eake Kasumigaura, (B}
Lake Donghu, and (C) Lake Qkeechobee, showing surface inputs
fromt tributaries and precipilation (1, P), sedimenl resuspension (R),
and diffusion (D), snd losses by particle sedimentation {S), fisl har-
vesting (FH), insect emergence (1E). and surface outflows (O). In each
pancl, water column P mass is indicated in the open box, and surface
sediment mass is indicated by the shaded box.

in redox potential from +200 mV (when the water col-
wmn is jsothermal and wind velocities are rvelatively
high) to =300 mV (when there is a 2-3°C stratification
and calm winds). Laboratory studies have indicated that
P rapidly diftuses from the lake's mud sediments when
the overlying water is anoxic (Reddy et al., 1995), and
therefore, during summer, there may be high diffusive P
loading, as has been documented in Lake Kasumigaura,
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The results of research on these two lakes suggests that
a common view that shallow lakes are constantly mixed,
isothermal, and well oxygenated is not valid.

The major loss term for the in-lake P cycle in Lake
Okeechobee is sedimentation, which removes nearty 10
times more P from the water column than exits the lake
via the outflows. A rough estimate of P export by fish
harvesting, provided by the Florida Game and Fresh
Wauter Fish Commission, is 4 t year~' {Scovell, 1991), an
insignificant amount relative Lo other pathways.

4.4, Nuitrieni loading modefs

Empirical models have been widely used to guide
eutrophication management of lakes and reservoirs (e.g.
Sas, 1989; Cooke et al., 1993; Hakanson and Peters,
1995). Log-log regression models relaling phyto-
plankton chlorophyll « 1o lake water total P have been
used in concert with nutrient loading models to predict
algai responses to external P load reductions (e.g.
Nicholls, 1997), There is evidence that shallow [akes
may nol be amenable to this approach, because their
internal recycling processes (i.e. sediment-water inter-
actions) affect in-lake conditions to a greater extent Lhan
in deeper, dimictic lakes for which most general models
were derived, Thus, we considered how well 2 subset of
published empirical models (Table 3) predicted in-lake P

Table 3

und chiorophyll ¢ in the three studied lakes, This com-
parison provides additional insights into similarities and
differences among the ecosystems,

Naone of the published models considered gave con-
sistent resulls among the three lakes, This reinforces the
conclusion that there is considerable heterogeneily of
nutrient dynamics and nutrient-algal interactions in
shallow polymictic Iakes, perhaps more so than among
their deeper, dimictic counterparts.

A large number of empirical models have been pre-
sented in the literature relating lake walter total P o
external P loading. Nearly all of the models are based
on Vollenweider's (1969) model: [P]= Lp[z, (o-+p)]
where ¢ and Lp are as previously defined, z, is mean
depth (m) and p is flushing rate (year—'). The published
models generally differ only in regard to how o, a term
that is very difficult to measure, is empiricaliy estimated or
calculated. We considered three commonly used models,
the Vollenweider (1975) equation, which approximates o
from an empirical relationship with mean depth, the Vol-
lenweider (1976) equaltion, which considers both depth
and water residence time in estimating <, and the Dillon
and Rigler {1974a) equation, which caleulates a surro-
gate for o (R, the net retention coefficient) from the P
mass balance. The simplest model! (Voltenweider, 1975)
gave a refatively good estimate of [P] in Lake Kasumi-
gaura, but substantially underestimated [P} in Lake

Results of some standard models used in lake eutroplication management, in regard Lo predictions of in-lake concentrations of tolal phospharus

(TP} and chiorophyll a (CHLA) in the three shallow lakes®

Model Reference Lake Predicted Actual
[TP]= Lpf(10+ 4,) Vallenweider {1975) Kasumigawra 100 ~ 30
Donghu 200 <« 400
Ckecchobee 20 & 100
[TF]= Lpfgd! -+ %) Volienweider {1976} Kasumigaura 120 > 80
Donghu 350 ~ 400
Qkeechobee . 60 < 100
[TP]={Lp{1=R)}/zp Ditlon and Rigler (19744} Kasumignura 70 ~ 80
Donghu 130 <« 400
Okeechobea 160 > 100
Log [CHLA]=—0.3904+0.874 log [TP) Dillon and Rigler {19741) Kasumigaura 70 ~ ‘ 60
Donghu 1000 -2 30
' Okeechobee 100 >3 20
Log [CHLA)= —2.49+ 106 log [TN/TP]+ 133 {TP} Canficld (1983) K asumigaura 20 &« 60
Donghn 80 > 30
QOkeechobee 30 > 20
Log {CHLA]= —0.28 +1.06 log [T1) Mazumder (1994) Kasumigaara 50 ~ G
(SH-MIX) Donghu 295 p 30
Qkecchobee 70 3 i}
Log [CHLA]=—0.06+0.04 log [TP] Mazumder (1994) Kasumigatra 10 <& )
(LH-MIX) "~ Donghu 40 o 0
. Okeechobee 20 ~ 20

A Ly isthearead Ploading rate (g m™ yenr™') sand ¢, is the hydraulic loading rate (m year™". tn the loading model of Dillon and Rigler {1974u). R
is retention cocflicient (1-{outflow P massfinfow P mass}), p is lake Mushing vate {year™"), and = is mean depth (in}, Other londing. muode] lerms are
dezfined in Tahles | and 2. In the models of Mazumder (1994}, acronyms are SH-MIX =small herbivare mixed and LH-MIX =large herbivore mixed
[t kes. Symbols compare model predictions with data (~within 20%, > or < by move than 20%. 3> or < < hy more than 100%).
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Donghu and Lake Okecchobec, where large sediment 10
waler fluxes may conlribute substantiatly to water col-
umn . This situation is typical of shallow eutrophic
lakes (Sas, 1989} and indicales that the position of the
Lakes Donghu and Okeechobee on the loading diagram
of Fig. 2 may be underestimated (i.c. the lakes are more
eutrophic than indicatled). It is surprising that the simple
moclel, which does not consider internal processes, pre-
dicted [P] relatively well in Lake Kasmumigaura, since
the sediments in this lake are known to be an important
source of gross P loading. Perhaps the ‘good’ model
resull can be attributed to some major loss processes not
considered, so that, by coincidence, the actual and pre-
dicted values were in agreement.

The Vollenweider {1976) equalion is more complex,
and also more widely used, because it gives explicit
consideration of the effects of both hydraulic loading
and residence time on [P]. Nevertheless, this model gave
mixed results when applied to the three study lakes. It
overestimated [P] in Lake Kasumigaura, provided a
good estimate of [P] in Lake Donghu, and under-
estimated [P] in Lake Okeechobee. The strong improve-
ment of results for Lake Donghu with the more
coimplex maodel is inluitive because the lake has a mod-
erately rapid flushing rate (> 2 year™"), which can affect
the extént to which P settles {rom the water column to
the sediments. However, Lake Kasumigaura also has a
moderately rapid fushing rate and its [P] was better
predicted by the simple model.

The Dillon and Rigler {1974a) model gave the best
result for Lake Kaswmigaura, predicting a mean value
for [P] that differed by only 13% from the measured
value. However this model, which caleulates all para-
meters from the lake’s hydrologic and P budgets (rather
than using empirical relationships), seriously under-
estimated [P] in Lake Donghu and overestimated [P] in
Lake Okeechabee.

Although these results indicate thai it may be possible
to find a simple input—output type of model that can
predict [P] in any given lake, questions will always arise
as to whether the results are good by coincidence, or
because the model is an appropriate one. Given the
markedly different resulis that were obtained in any
given lake using three models that have a very similar
underlying structure, we conclude that consideration
should be given fo use of more complex models that
explicitly consider internal P loading, when dealing with
the management of shallow lakes.

4.5, Chlorophyll-P models

Since Dillon and Rigler (1974b) published a simple
log-log model relating lake water chlorophyll a to total
P, iake managers have been using empirical models of
this sort (o predict algal biomass respouses lo P redue-
tion programs. However, studies during the last decade

have shown thal quantitative nature of chlorophyll-P
models can vary widely, depending on {eatures ol the
lake, including grazing pressure on the algae, presence
or absence of abiotic turbidity, take fiushing rate, and a
mmber of other variables. We considered the perfor-
mance of four published chlorophyli-P models, includ-
ing models ihat give explicit consideration to N
limitation and zooplankton size, two variables having
the poleniial to markediy affect the relationships.

The Dillon and Rigler (1974b) model provided a very
good estimate of chlorophyll « in Lake Kasumigauia
{Table 3), with lhe predicted concentration differing by
ouly 14% rom that measured. This might indiente that
phytoplankton in Lake Kaswmigaura is primarily lim-
ited by P, which has been documented in experimental
research (Takamura et al, 1992), or perhaps it just
indicates that the algal cells in that lake are stoichiome-
trically similar te those [ound in the lakes siudied by
Dillon and Rigler. In striking contrast, the Dillon and
Rigler model over-estimaled chlerophyll a by > 30-fold
in Lake Donghu and by > 5-fold in Lake Okeechobee.
One interpretation of the results is that some factor
other than P limits phytoplankton biomass in these
lakes. This issue is discussed in greater detail below but,
in general, it has been documented that in Lake Don-
ghu, phytoplankton is heavily grazed by flter-feeding
fish (Xie, 1996), and in Lake Okeechobee, phyto-
plankton often is limited by low irradiance due to wind
resuspension of abiotic sediments {(Havens, 1997; Phlips
et al,, 1997),

Canfield (1983) developed a more complex empirical
model to predict chlorophyll o that considers both P
and N, The model reflects the often-observed sigmoid
relationship between chilorophyll @ and P (e.g. Prairie et
al., 1989; Mazumder, 1994; Mazumder and Havens,
1998), which Canfield explained as being due to N lim-
itation in P-rich systems. This model gave a serious
underestimate of chlorophyll & in Lake Kasumigaura,
which as indicated above, appears to be P-limited. In
coutrast, it over-estimated chiorophyll @ in Lake Don-
ghu and Lake Okeechobee, N limitalion does occur,
primarily during the calm summer months, in Lake
Okeechobee (Aldridge et al., 1995), and the somewhat
improved performance of Canfield's model relative (o
the Dillon and Rigler model may indicate that some of
that effect now has been accounted for. However,
chlorophyll still is over-estimated by 50% (Table 3),
indicating thal an additional factor {presumably light
availability) needs to be considered. Generally that level
of complexity is found only in more complex determi-
nistic models.

Lastly we considered empirical models that account
for phytoplankion control by grazers, as well as difter-
ences in chlorophyll-P relationships among deep versus
shallow lakes. Mazumder (1994) analyzed data from
367 lakes in North America and Europe, and found that
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by sub-dividing the data set into four classes, much of
the variation in the chlorophyll-P refationship could be
statistically and mechanistically explained. The four
classes represent a 2x2 matrix of two lactors: (1) mixing
regime — shallow mixed lakes display greater amounts
of chlorophyll @ per unit of P than deep stratified lakes:
and (2) zooplankton size —- lakes dominated by small
zooplankton display greater amounts of chlorophyll
than those dominaled by large { > 1.0 mm) Daphnia. We
considered the two models developed for shallow lakes
(Table 3) the SH-MIX (small herbivore, mixed) and
LH-MIX (large herbivore, mixed) models.

in Lake Kasumigaura, the SH-MIX model of
Mazumder (1994) predicted a mean concentration of
chlorophyll @ that differed by <20% [rom the measured
value (Table 3). This lake is indced a shallow mixed
system with dominance by small-bodied zooplankion
(Hanazalo and Yasuno, 1987). Thus the resulls are
‘good’ nol only in terms ol model performance, but also
from the standpoint of the behavior that is expected
based on known mechanisms. The SH-MIX model ser-
iously over-predicted chlorophyll @ in Lake Donghu,
where the dominant zooplankton are small, and there
are other imporlanl herbivores, the silver camp
(Hypophthalmiochthys molirix) and bighead carp (Aris-
tichthys nobilis). Xie (1996) documented with enclosure
experiments that grazing by these fish accounted for
substantial reductions in algal biovolume since the
1980s, as well as shifting the species dominance from
large filamentous cyanobacteria to small unicellular
forms. In Lake Okeechobee, the SH-MIX mode] also
over-estimates chlorophyll & Although this lake has
small zooplankion, it also has strong control of phylo-
plankton by light limitation.

The LH-MIX model of Mazumder (1994) produced
tiearly the opposite results. It under-estimated chlor-
ophyll ¢ in Lake Kasumigaura, where zooplankton
herbivores are not large-bodied, but it predicled mean
chlorophyll @ concentrations that were relatively close
to measured vaiues in Lake Donghu and Lake Okee-
chobee. This is interesling because these lakes do not
contain large Daphnia. As with the case of nutrient
loading models, this resull indicates that lake manapers
should be wary ol searching for iodefs that provide the
best fit to their chlorophyll @ versus P data. Some mod-
els that provide ‘good' results, in terms of agreement
with actual data, may not reflect the actual mechanisms
that are occurring in the lake. This could lead Lo ervo-
neous management decisions. On the other hand, with a
solid understanding of the ecological processes operat-
ing in a particular shallow lake (i.e. a solid basis of eco-
system research), one might find & very appropriate
statistical model in the literature that can be used in lake
management. The SH-MIX model of Mazumder (1994),
For example, might be a good choice for Inkes with features
Like those found in Lake Kasumigaura,

5, Conclusions

Shallow eutrophic lakes, such as those considered here,
can display complex nulrient dynamics, with processes
such as sediment-waler exchanges playing a much grealer
role than in deep, dimictic lakes. Shallow cutrophic lakes
ofien have asseciated with them other features, such as
intense N-fixation and light limitation, and human influ-
ences such as fish harvesting, that add further complexities
to the relationships between nutrient inputs, in-lake
nutrient concentrations, and the biomass of algae in the
water columnn. Simple empirical models, developed from
research on decper lakes, may be useful under ceriain
conditions in shallow eutrophic lakes, but their applica-
tion should be approached with greal caution, In parti-
cular, scientists and resource managers should be careful
that model predictions are consistent with ecological pro-
cesses occurring in the lakes, A high degree of hetero-
geneity among shallow lake systems may necessitale a
greater reliance on lake-specific research resukts, and Jess
inter-lake peneralization than is possible for deeper sys-
tems. In particular, there appears lo be a need for
models that consider the impacts of fish grazing activ-
ities on nutrienl-chlorophyll relationships in lakes.
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Measurement of Vertical Distribution of Biological Activity in Aquatic Systems
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Abstract

At the center of L.ake Kasumigaura, water temperature, DO, pH, and chlorophyll ¢ were measured
at 6 different depths at 24-minute intervals for four I-week periods. Using the models [or vertical
mixing and air-water exchange, the vertical distribution of biological changes in the lake water was
estimated quasi-continuously, although the estimation was difficult when the decay of stratification
occurred. Simultaneous measurements of DO and pH demonstrated the accuracy of the estimated
biological activities, This system shows potential for field measurements of hiclogical activities, e g.,
primary productivity and respiration in the columns of aquatic systems.

Key words: vertical distribution of hiological activity, continuous measurement, DO, pH
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Fig. 2 Variations in water temperature, DO and pH
when the sonde was put in air-saturated Milli-Q
water placed in a dark and thermostalic chamber.

fe , BLFOHZER oA & & 3OlARHIN & Lo Tw
D)o FNANOAE S, ENZETIZ 3 Bl OR
THSIZHME & PG & DEOfFMERE L LT, NIRRT
1 FlOBITESE - AER oo R E LT, &
WZEThE SIS NN T oPNE e S ORAD I E LT
Wabtr, il % 3w, R, oy, @WK, ¥
EHTkEWI LMl s,

T, EMiEEEEY A E2EHAYEL TS
DT, —FOWBEELOAs 3P, PRAZBREGOKRE
A RHHET 2 - HHREFTOMEEE LR o
SEHENEETH B, €3 LEBLARS, 1 HOYV VT
ERBANL VAT LALEROV v TFREETALVAT
AT b 2 EHE % Table 110D k5 (238
BTss, Thbt, 1 BOBEELOFEEIRE b
WISk & & TiECa 248, #EHM O EEEciM
LCiRIEYATATRENEMCHIO LT, #

EBYATATRIEOF v ) 7 v—3i 3 > OFEIGTR
FEMIOkSE & s, 1BYAT A THEPERITELH
EX{EHFRZONKRERMEATH 3. = ORBER,
Table 1 (2w FRd L5 CEHESHEE S 31548, #E
WEZORMER, 1EYATALATHERGATALE
~ DO 1S, pH 6 b L w ka5, &, pH
TR — OPIEINAZ VDT, € O ERN
TERIZEHMOAE X 2HEY 2 L (3 AEBRRORXE
ERMEDE) 0128 B TR {2508, i EIRE
BIO4ETHY, 1EYATAOBNENTENG,

3.3 ERER, ARTH SHELROMIERE

(1) ERBUREH

7K, DO, pH & b BEME <, WiEW 08—l
DB LTy 5 (Fig, 3 @O Fig. 6). MDiGv A
SokETERE RN A VD, BOTWETRaREMO KA
BESKE W, -

(2) AT, SATEILBOHIE
C KEHAOBWEEMMRTEDZ LTS L, DOPDIC
OWETG I TR0 & 2 B4R - HARO H 5 €y
jjﬂﬂ?%ﬂiﬁé Nb,

3C/ot = 8(I:0C/02) [3Z + Fior (1)

IO C Wk ET R, ¢ VISR, 2 KEATE T I & O BT
Wl Ky AT ER B, Foror HOGERIPRENR 3 vl te
Wi G L 2 RSk, THbo

Val.25 Ne.11{2002)

Table 1(1} Main causes of the errors.
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lime scals, L: Varallon In a long-term time scale

Table 1(2) Estimated error magnitudes for DO and pli by
one-sonde system and plurai-sonde system.
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Fig. 3 Changes in water temperature, DO and DIC al 6
deptis at the center of Lake Kasumigaura during
the period from Aug. 27 to Sept. 3, 2001, Dl:
0.64m, D2: 1.30m, D3: 1.96m, D4: 2.62m, D5:
3.28m, D6 3.94m.
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Fig. 4 Changes in biological activity at D1 and D6 apply-
ing Model 3 to the data shown in Fig. 3.
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Teble 2 Percentage of inappropriate MQ (%).

Raw dala elimination Within 0,001 1o 0.001 gliminallon within -0.002 o 0.002
MQ<0.5 MQ>2.0 lolal elminalod MO<0.5 or MQ>2.0 sllminafed M0<0.6 or MG>2.0

Di 70 4.8 {18 12 4.8 28,1 19
D2 24 4.8 1.3 8.9 1.9 28.8 0.2
D3 3.9 3.6 7.5 11.6 2.4 28.8 1.7
D4 4.8 5.6 10.2 15.7 2.2 339 0.7
D& 4.8 5.6 10.2 16.5 2.8 35,8 i.5

3.4 8.5 1.2

D6 73 7.0 14,3 17.4
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Table 3 MQ. MeanZstandard deviation (number of data

for calculation, number of data excluded for
MQ <05 or MQ>2). elimination limit=0.001mM

h~',
_ Daylime Nightlirne
D1 1,145 + 0.142 (92, 4) 1.115 £ 0,141 (108, 0
D2 1.066 % 0.207 (92, 3 1,106 £0.153 (109, 0
o3 1.113 + 0.240 (BB, 3 1,105 £0.154 (109, 0
D4 1.037 + 0.240 (85, { 1.118 = 0178 (169, 0
D5 1,192 + 0.301 {¥0, 8 1.10d4 0178 (110, 0
D6 1.160  0.274 (66, 7 1.103 £ 0.160 (108, 0)
MQ
]
[-
25
2
15 ] & b4
054—2 i i -
827 a2a 29 BSE A 8 a2 9

Fig. 8 Change in MQ of the data shown in Fig. 3 at D1,

apen circle: elimination lmit=0.00ImM h-',
solid circle : elimination limit=0.002mM h-!. The
four negative data {open circle) were removed.
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Fig. 9 Irradiation vs. production of the whale depth.

Each plot corresponds to each morning (from
dawn to noon).
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(2-2-1) 2002, 8 Water temperature difference
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{(2-2-3) 2002. 8 pH difference between 18:00 and
06:00 (moving averaged)
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