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Abstract

The maximum power principle is a potential guide to understanding the patterns and processes of ecosystem development and
sustainability. The principle predicts the selective persistence of ecosystem designs that capture a previously untapped energy
source. This hypothesis was investigated empirically in controlled and replicated tests conducted in planktonic microcosms.
Microecosystems that developed under a pH-controlled light regime, in which light duration was altered based on changes in
an ecosystem-controllable variable (water column pH), were compared with those that developed under fixed photoperiods.
According to the principle, pH-decreasing (and power-increasing) organization should selectively persist under pH-controlled
light. To assess changes in pH dynamics that occurred under the alternative selection regime, in which photoperiods were not
linked with pH-affecting selection or organization, the microecosystems that developed under fixed photoperiods were subjected
to pH-controlled light on the last day of each test. The daily light duration increased 506 min on average in microecosystems
that developed under pH-controlled light and 412 min on average in microecosystems that developed under fixed photoperiods.
Selective reinforcement of acid-secreting blue-green algae in response, tand@utrient limitations could account for the
greater increase in power acquisition in microecosystems that developed under pH-controlled light.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction principles of self-organization. Several of the pro-
posed principles, which include minimum specific
The orderly pattern of succession within a typical energy flow Margalef, 1963 maximum exergy
landscape has led many to search for ecosystem-levelstorage Jorgensen, 1997 optimum ascendency
(Ulanowicz, 1997, etc., hypothesize that one or more
"+ Corresponding author. Tel.: +1 401 782 3066: ecosystem-le\_/el properties are optimi_zed during the
fax: +1 401 782 3030. self-organization of ecosystems, subject to relevant
E-mail address: Cai.tingting@epa.gov (T.T. Cai). environmental constraints or tradeoffs. The maximum
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power principle is one of the earliest and most general These flows drive the replication of the biological struc-
of these proposed optimization (or extremal) princi- ture through which they are reinforced, and both the
ples. Its use as a potential criterion for understanding structures and the trait variants associated with auto-
the direction and outcome of ecosystem development catalytic flow recur and persist along with the flow.
and for assessing the likelihood of ecosystem sustain- Because of this association with autocatalytic flow,
ability has done much to inspire the systems approach such trait variants possess differing probabilities of
among ecologists. No direct, empirical test of this both recurrence and persistence that are dependent
principle of ecosystem development has been reportedupon the properties of the networks that bear them
in the peer-reviewed literature, however, since its and the environments in which these networks occur.
initial proposal in 1922. Thus, networks, at each level of biological organi-
zation, bear trait variants, the conservation of which
is subject to a process of natural selection. More
specifically, the dynamics of emergence and recurrence
among the many actual and potential autocatalytic
cycles of energy flow that are selectively reinforced
within ecosystemd nergan, 1957; Odum, 198fro-

1.1. General applicability and prerequisites of the
proposed principle

The maximum power principle was initially for-
mulated bylLotka (1922a, p. 148as “natural selec-

tion tends to make the [available] energy flux through
the system a maximum, so far as is compatible with
the constraints to which the system is subject.” This
hypothesis was subsequently augmente®tym and
Pinkerton (1955)who suggested that selection for
maximum power output could determine the efficien-
cies at which a wide variety of biological systems
operateOdum (1994, 1996provided possible appli-
cations to ecological engineering, economic planning,
and the study of long-term human impacts on the bio-

vide ecosystems with the trait variation and conser-
vation required for natural selectioldtka, 1922b;
Depew and Weber, 199Differences among trait vari-
ants in their respective probabilities of recurrence and
persistence could then potentially result in the opti-
mization of an ecosystem trait such as power acquisi-
tion. Given the theoretical arguments, however, against
any substantive effect on biological systems of selec-
tion among trait variants born by multiple-organism
entities Gould, 1998, empirical assessments of such

sphere.

The principle predicts the selective persistence of
ecosystem designs that exploit previously untapped 1.2. Detection of selective persistence
energy [otka, 1922a; Odum, 1995where “design”
refers to the configuration of the ecosystem’s network  The emphasis of the maximum power principle
of energy flow. An ecosystem then, for our purposes, is on selective persistence of network designs that
is any network that is organized, in part, by energy increase power acquisition by the systems possessing
flow through both biotic and abiotic components and them. Thus, in the case of ecosystems, the primary
that includes multiple interacting populations. Such trait-bearing unit is the ecosystem itself rather than
organized networks have properties, or traits, which the individual organisms or autocatalytic cycles within
include system performance and organization mea- it, although the selection associated with trait variant
sures; energy flow and transformation parameters; sta-persistence might occur among the alternative flows
tus and dynamics of bulk media properties such as and network designs within this experimental unit. An
water column or soil pH, temperature, redox potential, importantimplication of the nature of the trait-bearing
etc.; and other composites of the traits of the networks’ unit is that the variability of this unit with respect to
components and interactions. Ecosystem identity is a the trait affects the ability to detect a selection-induced
function of the persistent coherence of the energy flow difference in the trait. In typical selection experiments
network and the historically conserved nature of the based on the phenotypic traits of organisms, sample
traits that such coherence provides, rather than of ansizes in the hundreds or thousands are often required
arbitrary choice of static spatial boundaries. to empirically detect moderate selective forces at the

This coherence results from the autocatalytic nature conventional type | error rate of 0.0bdwontin, 1974;
of some of the flows associated with these networks. Manly, 1985. When the studied trait is an ecosystem-

proposed optimization processes are needed.
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level property and directional selection is assessed an increased influx of available energy can be coupled
using a standardtest for differences in this property  with existing or potential energy flow pathways, given
under alternative selection regimé&ngler, 1988, the an adequate period of adaptation and within thermody-
sample size is the number of ecosystems subjectednamic and material constraints. Such increases should
to each selection regime, and the power to detect a be observable in microcosms that are given access to
selection-induced difference is limited by the residual and control of a source of additional photosynthetically
variability of the ecosystems with respect to the trait. active radiation at a physiologically usable intensity
Like individual organisms, individual ecosystems if adequate space and nutrients are available to sup-
that develop under similar conditions can display great port increased photosynthetic production. As long as
variability, as shown repeatedly in microcosm research. light period duration (relative to dark period) limits pro-
Therefore, experiments with large sample sizes and duction, a relatively longer light period represents an
long durations might be necessary to produce statis- additional source of available energy. Furthermore, the
tically significant selective events. If ecosystem phe- extant variation in metabolic pathways within aquatic
notypic variability is similar to that of organisms, the microcosms permits rapid physiological adaptation to
requirement for such large sample sizes could make changing light regimes. Thus, the conditions required
detection of selection practical only for extremely for selection of power-increasing ecosystem designs
strongly selected traits—in any but the smallest ecosys- within the time frame of an empirical investigation,
tems. Use of small, microbial ecosystems (microe- which might be otherwise unavailable, are possible in
cosystems or microcosms) thus provides the bestaquatic microcosms.
chance for detection of selection because generation
times are short and most include species that are 1.3. A specific property of development predicted
resilient to strong selection pressures. Furthermore, by the maximum power principle
a possibility for selection among laboratory microe-
cosystems under strong selection regimes has been Under the above conditions and with a sufficiently
demonstrated through artificial ecosystem selection precise monitoring of energy influx, the proposed
experiments $wenson et al., 20003,land through selective persistence of pathways of energy flow that
investigation of differences in response to toxicity permit an ecosystem to capture previously untapped
between preexposed and non-preexposed microecosysavailable energy predicts an empirically detectable
tems Genoni et al., 2001; Montague et al., 2001 increase in power acquisition. We were able then to
General advantages of microcosms for practical test this prediction by supplying light to microcosms at
tests of ecosystem theory include both rapid ecosys- a constant daily duration, thus allowing the ecosystems
tem development and the controllability of their envi- to develop under a fixed energy-input regime. By
ronments, initial conditions, and the exchanges acrosssubsequently introducing a mechanism to adjust the
their boundaries Reyers and Odum, 1993; Fraser daily light duration based on the changing level of a
and Keddy, 199) More specifically, the study of measurable ecosystem property, a source of untapped
the relation between power acquisition and other energy was placed under the potential control of the
ecosystem-level attributes and behaviors is greatly ecosystem. An increase in net biomass production
facilitated by the precise monitoring of energy inputs tended to decrease the energy influx under the intro-
and ecosystem-level responses made manageable by duced mechanism. Thus, any increase in energy influx
microcosm-based investigation. Finally, the suitability (i.e., daily light duration) subsequent to its introduction
of microcosms for initial testing of general principles indicated a power-increasing reorganization of the
of ecosystem self-organization is uncompromised by energy flow pathways, as predicted by the maximum
attributes related to scale or boundary effects insofar power principle.
as the conditions established within them conformto ~ Detection of an increased energy influx is possi-
the conditions under which the principles are hypoth- ble under the above conditions without determining
esized to operate. whether power acquisition has actually been max-
The principle we tested, for instance, predicts imized within the constraints of the environment.
increased power acquisition by any ecosystem in which Results simply indicate whether a tendency occurred
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toward power maximization. The degree of increase increase in storage or flux enhances processes that
or decrease in power acquisition occurring within any contribute to the capture of available energy from
period of observation depends on the pathways for a system’s (external) source®dum, 1983, 1994;
ecosystem organization available, their time-dependent Jorgensen et al., 20R0

probabilities of realization, and their selective per- Although a system’s power acquisition, dissipation
sistence upon realization. Whether power acquisition rate, and exergy storage are closely related through the
actually achieves the maximum possible within the mutual association of these properties with the pres-
prevailing constraints remains difficult to determine ence of thermodynamic gradients, their correlation is
due to the innumerable alternative configurations of limited by tradeoffs among alternative possible appli-
the energy flow network that might be assumed by cations of available energy within the system. Increases
the components of an ecosystem. Such a determina-in dissipation rate can occur at the expense of, rather
tion is unnecessary, however, for testing the hypothesis than in conjunction with, power acquisition and exergy
deduced from the maximum power principle that sys- storage, and divergence between the long-term aver-
tems tend to develop in a power-increasing manner age dissipation rate and power acquisition of a system
when an untapped source of available energy and ade-result from export or from the tradeoff between power
guate material resources are providédtka, 1925. acquisition (i.e., output) and dissipation by the pro-
Such a test requires monitoring the energy acquisition cesses through which the acquisition occu®siym,

by the ecosystem but does not require characterizing 1994). Likewise, exergy storage does not always rein-

all the energy flow paths within it. force a system’s power acquisition but can, instead,
occur atthe expense of such reinforcement. Along with
1.4. Relations with other optimization principles these tradeoffs, differences in exergy-specific contribu-

tions to ecosystem power acquisition exist among the

Although this hypothesis is explicitly required by many forms of exergy storage or flow (with dissipa-
the maximum power principle, it is not incompati- tion) that do so contribute, further limiting the corre-
ble with most other proposed optimization or extremal lation of these properties. The concurrence or diver-
principles. Many of the properties optimized according gence of the changes in these properties during suc-
tothese other principles are such close correlates of sys-cessive stages of ecosystem development thus remains
tem power acquisition that increases in their respective an object of active theoretical and, to a lesser extent,
values are expected to regularly coincide during at least empirical inquiry (Nielsen and Ulanowicz, 2000; Fath
some stages of ecosystem developmeoti(a, 1922a; et al., 2001, 2004; Jorgensen et al., 20@hd meth-
Odum, 1983; Patten, 19950ften, for instance, cap- ods for adjusting standard exergy-based calculations
ture of available energy by a system becomes closely to account for differences among exergy types have
correlated with the system’s dissipation of this energy. been suggested based on their production require-
Accordingly, Lotka (1922a)and Schneider and Kay = ments Odum, 1988, 1996and the information asso-
(1994)have proposed that maximizations of available- ciated with biotic organizationJprgensen et al., 1995;
energy capture and dissipation rates occur (ultimately) Bastianoni et al., 2005
in conjunction. Furthermore, the mutual dependence  The maximum power principle predicts selective
in ecosystems between power acquisition and biomasspersistence of the (dissipative) processes and exergy
(and thus chemical exergy storage) establishes a corre-storages that maximize power acquisition, whether
lation between these properties. Maximization of total or not this selection also maximizes dissipation rate
system exergy throughflux, which has recently been and exergy storage. Because additional production-
suggested as an alternative version of the maximum enhancing power increases a system’s potential for
power principle Jorgensen et al., 2000; Fath et al., exergy storage, maximization of this storage might be
2001, is compatible with multilevel selection formaxi-  dependent on power maximization, evenifthe converse
mum system power acquisition. Increases in efficiency- condition does not apply. If ecosystem development is
related measures, such as a dissipation-specific exergynonetheless oriented towards maximum exergy stor-
storage or flux, can also coincide with increased power age, then system power might prove a more sensitive
acquisition to the extent, for instance, that a relative indicator of ecosystem development during early stages
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of development, with exergy storage becoming the  Components of the Side-view of assembled
more sensitive indicator during later stagésrgensen microcosm unit _ microcosm unit
etal., 2000. We did not test these latter propositions or Juorescent light

investigate whether power or storage increases predom-

. . . . = Light-excluding
inate in cases where these two propertles are negatlvely ¢ cover

correlated. Nor did we test other alternative theoretical ) — Heat-absorbing tank
perspectives on the relations among proposed opti- _/ Dlastic
astic rrame

i ,,

mization principles or all hypotheses derivable from or T (N

required by the maximum power principle. We tested |||||”"|||“”| || Microcosm tank m || "I

only one such hypothesis (described above); suitable .|

modification of the methods described below, how-

ever, could permit testing other hypothesized relations Fig. 1. Components and side view of the microcosm units.

and dynamics of system properties during ecosystem

development. Such testing might help us identify scien- €OSms were receiving light. Plastic frames maintained

tifically sound and ecologically meaningful measures the 2.5-cm air space between the microcosm and heat-

of ecosystem development based on one or more of absorbing tanks to permit circulation of air to the micro-

the above system properties. A more immediate goal, cosms. Temperature fluctuations between the light and

however, is a more precise explanatory characteriza- dark periods were thus maintained at less thag.2

tion of the common basis for these properties and their Each microcosm received light from an 18-cm section

relations in ecosystems—i.e., the selective persistence0fa60-cm, 20-W cool-white fluorescenttube of 3.8-cm

among networks of coupled thermodynamic fluxes that diameter positioned diagonally above the clear tanks

results from differential (exergy-consuming) produc- (Fig. 1). These lights provided 70-1QE m?s~* at

tion of autocatalytic structures (that sustain the under- the water surface, depending on the age of the tubes and

lying thermodynamic gradients). ballasts. A light-excluding cover (a box of poster board
with aluminum foil on the inside surfaces) enclosed
each microcosm tank uniF{g. 1).

VA A S A A AT S A S S TS SIS
] g
I i
P

2. Materials and methods

2.2. Linkage of energy input with an

The empirical investigation was conducted using
ecosystem-level property

aquatic microcosms in which predominantly plank-

tonic communities were established on January 19,
1998. Development of the microecosystems was moni-
tored for 847 days, within which two tests of the effects

of a pH-controlled light regime on ecosystem proper-
ties were performed. The first test occurred from day
119 to day 177 of the experiment and the second from
day 517 to day 561. Other intervals provided time for

preparation of forthcoming tests, for stabilization of

community metabolism, and for further investigation

of trends observed during the tests.

Each microcosm tank had a pH electrode (Orion
Low-Maintenance Triode Model) attached to a com-
puter through an Orion model 290A pH/ISE meter,
with the electrode sensor 2cm below the water sur-
face. The computer logged pH readings throughout
the experiment at 5-min intervals, both during and
between the pH-controlled light tests. The pH elec-
trodes were rinsed daily with deionized water and
calibrated biweekly until day 486 and weekly there-
after. Adequate stirring for stable pH readings was
2.1. Microcosm construction and setup maintained using a magnetic stirring bar in each micro-

cosm and a stirring platform (Multi-Magnestir No.

Six microcosm tanksHig. 1) were constructed of 1278, Lab-line Instruments, with a speed setting of 4.5).
mirror glass reflecting inward with interior dimensions The computer also controlled the fluorescent lamp and
of 15cmx 10cmx 10cm  x W x H). Smaller tanks recorded the length of each light and dark period as
of clear glass (5cm in height with the same bottom a measure of total energy influx. The computer pro-
dimensions) were situated above the microcosm tanksgram permitted choice of either a fixed photoperiod
and filled with water to absorb heat when the micro- or a pH-controlled light regime for each tank. During
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the light periods, the lights in all tanks were switched and the other was the control, which received a fixed
off for 5min in each 65-min interval in an attempt photoperiod with light and dark periods of equal dura-
to estimate light-period respiration via changes in pH tion. (All tanks received this fixed photoperiod during
(Beyers, 1963n the stabilization stage preceding each test.) Each test

A stabilization stage, during which a uniform light thus employed a randomized complete block exper-
regime consisting of fixed photoperiods was main- imental design. This design minimized temperature
tained in all microcosms until the daily highestand low- differences between tanks within blocks. The control
est pH values showed no consistent upward or down- tanks indicated whether changes in pH dynamics that
ward trend, preceded each test. The timing of initiation occurred in microcosms in which pH was not allowed
of the tests was thus dependent on the time required forto affect the light regime were similar to those in micro-
pH dynamicsto stabilize. A4-hlight:4-h dark cyclewas cosms that developed under pH-controlled light.
usedin Test 1 and a 12-h light:12-h dark cycle in Test 2.
(The 4-h light:4-h dark cycle was originally employed 2.4. Chemical analysis
to shorten the time required for detection of changes in
the pH dynamics, especially in terms of the highestand  Chemical properties of the initial lake water and of
lowest values attained during each cycle. The rapidity subsequent water samples taken once every 4-5 weeks
of pH stabilization and response to pH-controlled light from eachtank were determined as follows. Two 40-mL
in Test 1 indicated that a more natural 12-h light:12-h samples (one filtered through a Whatman 42 filter and
dark cycle, which would permit cell cycles to coincide the other unfiltered) were analyzed by the University
with the photoperiods to which they had historically of Florida's Analytical Research Laboratory for P, Ca,
adapted, was feasible within the timeframe available.) Mg, and Fe by inductively coupled argon plasma spec-
Subsequently, under the pH-controlled regime, the light troscopy (Spectro Ciros CCD model) and for jiGN
was switched on when water column pH fell below and TKN by air-segmented automated spectrophotom-
a predefined value, and switched off when water col- etry (Rapid Flow Analyzer, 300 Series). TKN was ana-
umn pH rose above another predefined value. For eachlyzed following sample digestion using EPA method
microcosm in each test, the average highest and low- 351.2. Total alkalinity was obtained by titrating with
est pH values obtained at the end of the stabilization 0.02N standardized 504 to a pH of 4.5. (Titra-
stage were used to determine the pH threshold valuestion curves covering a pH range from 8.5 to 2.5 were
above and below which the lights would be switched also obtained in this manner following Test 2 using
off and on, respectively, throughout the test period for micropipettes to deliver precise quantities ¢f30;, to
the treatment tanks and on the last day of each test fortank water samples.) Total organic carbon (TOC) was
the fixed-photoperiod control tanks. The pH-controlled analyzed using a High-Temperature Total Organic Car-
light regime was maintained for 4—8 weeks in each test bon Analyzer (model DC-190 manufactured by Rose-
to allow enough time for pH-controlled light to affect mount Analytical) after sonifying the sample to break
and be affected by ecosystem organization. The time apartthe large algal colonies. Ecosystem nutrient ratios
that the pH-controlled light regime was maintained var- (C:N, C:P, and N:P, in g/g) were calculated using the
ied due to differences in the durations of the fixed pho- total nutrient concentrations in the unfiltered samples.
toperiods and in the time required for the pH dynamic Total N was estimated as the TKN in the unfiltered
to stabilize prior to the tests. The end of each test was sample because NO-N was below the detection limit
also selected to coincide with a scheduled sample date.throughout the time it was measured (from the begin-

ning of the experiment through day 269).
2.3. Experimental design
2.5. Interventions common to all tanks

The six tanks were arranged on the stirring platform
in three blocks with two tanks in each block. For each 2.5.1. Initial water and inoculation
test, one tank from each block was randomly chosento  The microcosm tanks were filled with 1.1L of
be the treatment microcosm, in which the duration of a mixture of plankton-containing waters (from five
light and dark was controlled by microcosm water pH, lakes within 25km of Gainesville, Florida) that had
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been passed through 0.3-mm mesh to remove largegeometric formula appropriate to the taxon’s cell shape
particulate debris. Water, collected from the same lakes (Rott, 198). An importance value for each algal taxon,
and maintained in the laboratory for 30 days under a as a summary measure of algal dominance and com-
fixed photoperiod, was filtered through Whatman 42 fil- munity structure Barbour et al., 1987 was calculated
ter paper to produce a concentrated inoculant, 8.5 mL as the mean of its relative abundance (i.e., the volume
of which was added to each tank at the beginning of the of the genus as a fraction of total algal volume) and its
experiment. Two subsequent inoculations (reseedings)frequency of observation, which was the fraction of the
were performed, adding 8.5 mL of similarly produced number of grids in counting areas in which a member
inoculant each time to each tank. These two reseedingsof the genus was observed.
were carried out on days 8 and 23. The water was from
four of the original five lakes for the first reseeding and 2.7. Summary measures of light duration
from two for the second, rather than from all five, based
on proximity and because the reseedings supplemented On the final day of each test, the final daily light
abase community (that had become successfully estab-duration was calculated for each treatment tank as the
lished by the dates selected) with species that might actual light duration in its final light:dark cycle divided
require such a community for their own establishment. by the total duration of the cycle and then multiplied by
1440 min to obtain average minutes lighted (per 24-h
2.5.2. Initial light regime and nutrient supplements period) for this final light:dark cycle. Tanks that had
Alightregime of 4-h light:4-h dark cycles was initi- ~ been receiving light continuously for more than 24 h
ated on day 1 of the experiment. Nutrients were added at the end of the test were considered to have attained
2 days later, so that light energy, rather than nutri- continuous light. For each test, the cumulative light
ents, would be the limiting factor during ecosystem input fraction was also calculated for each tank as the
development. Based on chemical analysis for the initial sum of the durations of all lighted periods divided by
lake water, nutrients (N, P, Fe, Mg, and S) were added the total duration of the pH-controlled light regime.
to each microcosm to achieve Medium C concentra-  Also on the final day of each test, the control
tions, a standard solution for maintaining algal cultures tanks (under a fixed photoperiod until this time) were
(Davis, 1967. Deionized water was added daily to a switched to pH-controlled light with light-off and -on
pre-marked water level in each microcosm to replace thresholds obtained as described above. This change
the water loss to evaporation. Medium C was added in light regime permitted an assessment of whether
after each sampling to replace water taken for biologi- changes in the microcosms that had not been subject

cal or chemical analyses. to the pH-controlled light regime had affected the pH
dynamic therein in a manner similar to that observed in
2.6. Biological analysis the microcosms that were subject to pH-controlled light

during the test. The first light:dark cycle following the

Organisms were counted every 2 weeks throughout switch to pH-controlled light was used to obtain a final
the first test and weekly throughout the second test. daily light duration in the control tanks for comparison
Green and blue-green algae were identified to genuswith the final daily light duration in the treatment tanks.
except for small coccoid green algae and blue-green The cumulative light input fraction in all control tanks
algae, which were recorded as such. Chrysophyteswas 0.5 (in both tests) because the light and dark cycles
were identified a&avicula, Melosira, other diatoms,or ~ were of equal duration.
other chrysophytes because representatives of the latter
two categories were too few for more specific identi- 2.8. Test I
fication. Algal density (as cell volume per volume of
tank water) was estimated for each taxon by multiply- Twice during the stabilization stage for Test 1 (on
ing the number of cells by an estimate of cell volume, days 42 and 70 of the experiment, when growing diver-
and then dividing by sample volume. Cell volume for gence in pH dynamics between paired tanks became
each taxon was obtained using visual estimates of the apparent), water from the two tanks in each block was
dimensions of a typical cell of each type and applyinga mixed and then redistributed into these two tanks to
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obtain greater similarity between the treatment and
control tanks at the beginning of the test. Algal cells

T.T. Cai et al. / Ecological Modelling 190 (2006) 317-335

test began on day 517, when the same treatment used
in Test 1 (light controlled by pH) was randomly applied

were counted using a hemocytometer of 0.1-mm depth to one tank from each block, and ended on day 561.

for the 1-mn? grid area. An area of 0.2 mthwas used

for those taxa with about 50 or more cells in that space.

2.10. Investigation of the possible causes of pH

This method was used for all counts of planktonic plateaus

organisms during the first year of the experiment. Alka-
linity and TOC were measured monthly. The switch
to pH-controlled light was applied to one treatment
tank on day 119, while the other two treatment tanks

received this treatment on day 146. The test was termi-

nated on the day-177 sampling date.
2.9. Post Test 1 interim and Test 2
The water from all tanks was mixed together on day

393, at which time the biotic communities attached to
the side and bottom surfaces of the tanks were scrape

into the water. Afterwards, the attached algae on side
and bottom surfaces of the tanks were scraped daily into

the water column for the duration of the experiment.

Onday 471, nutrients were added to each tank to reach

Medium C concentrations of N, P, and Fe.

The objectives in Test 2 were the same as those in

Test 1, with the two tests together providing a larger
sample size than would a single test. During Test 2,
in addition to the monthly element analyses, alkalinity
was measured biweekly and TOC weekly. Beginning
on day 483, a settling-chamber (2.5 mL in volume with
2.8 cn? of settling area) was used to improve the accu-
racy of organism counts. Diluted tank water with one
drop of Lugol's solution was allowed to settle for at

least 8 h prior to counting. Organisms within a super-
imposed 10« 10 eyepiece grid were counted at each of

To investigate potential remedies for pH plateaus,
which developed during light periods at the end of
Tests 1 and 2, nutrients and alkalinity were added after
these tests to tanks in which these plateaus occurred.
On day 223, 15 mL of Medium C was added to two
of these tanks. Micronutrients (B, Zn, Mn, Mo, Cu,
and Co) to reach concentrations in Microcosm Medium
T82MV (ASTM, 1997) and 100 mL of Medium C
were added on days 592 and 594, respectively, to all
tanks. Two Medium C stock solutions (40 mL KNO

dand 5mL KHPQO, solutions, the amounts required to

reach Medium C concentrations of N and P in 1L of
tank water) were added on day 597 to all tanks. On
day 600, sufficient Fe, Ca, and Mg to reach Medium
C concentrations in 1L of tank water was added to
all tanks. On days 651 and 653, respectively, 2.5mL
of the K;HPOy Medium C stock solution and 20 mL
of 0.00988 M NH,Cl were added to two of the tanks.
Alkalinity as NaHCQ (1 mL of 0.14 M NaHCQ) was
added to all tanks on day 713 and daily from day 720
through day 748. Medium C (10 mL) was added daily
from day 753 through day 847.

2.11. Data analysis

All statistical analyses were performed on the com-
bined data from both tests. The primary test for the
predicted increase in power acquisition under pH-

the 30 (randomly selected) locations using an inverted controlled light was based on a comparison of the
microscope. The more abundant organisms (those with final daily light duration in the treatment microcosms

100 cells or more per location) were counted only at
the first five locations.

The 12-h light:12-h dark cycles began on day 486.
The pH electrodes were calibrated weekly from this
time forward using two low ionic strength pH buffers
(pH 4.71 and 7.05) to reduce potential error in pH read-

(pH-controlled light) versus that in the controls (fixed
photoperiod). The null hypothesis was that ecosystem
control of the light by pH would not affect pH dynam-
ics in a manner that resulted in more daily light input
to the treatments than that which the controls received
when they were switched to pH-controlled light on the

ings. Onday 491, the water from all six tanks was again final day of each test. Thus, the final daily light dura-
mixed together and redistributed to each tank, and eachtions in treatment and control under pH-controlled light

tank was then reseeded with 40mL of a mixture of
water from two of the original five lakes. The tanks

were randomly reassigned to positions on the stirring
platform in the three previously selected blocks. The

were compared using a one-tailed randomization test
for matched pairsSiegel, 1955 The power of this
test atow = 0.05 for detecting a difference in final daily
light duration of a magnitude equal to 10% of the mean
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final daily light duration was also calculated based on 3. Results
the observed variability among experimental units in
Tests 1 and 2. Given a difference of this magnitude, the 3.1. Power maximization test
approximate number of microcosm pairs required for
a power of 0.95 was estimated by solving tls¢atistic Trends in photoperiods in the treatment tanks and
for sample size. This calculation used an initial power in highest and lowest pH values attained during each
equivalentto that obtained from the randomization test, light:dark cycle in the control tanks are depicted in
a difference of the observed magnitude, and an initial Figs.2and 3or Tests 1 and 2, respectively. Considering
sample size of six. Atest was also performed on the both tests, the pH dynamics in five of the six treatment
difference in the cumulative light fraction in the treat- tanks changed in a manner that produced continuous
ments from the fraction of 0.5 in the controls. light. The exceptional tankHg. 3, bottom left panel)
Exploratory statistical analyses of the data were also developed no consistent trend in daily light duration. It
performed to uncover possible effects of the treatment was lighted for 47% of the final light:dark cycle. The
on community structure and chemical properties, and to average cumulative light fraction in the six treatment
examine correlation among these properties. Measuredtanks was 0.71; i.e., the tanks were lighted 71% of the
and derived properties included the importance values total duration of the tests, or 42% more<£0.0124)
of the algal divisions and dominant genera present in than the light duration fraction of 0.5 that was main-
both Tests 1 and 2, alkalinity, the C:N, C:P, and N:P tained before the switch to pH-controlled light in these
ratios, TOC, unfiltered TKN, and filtered TKN, P, Ca, tanks and until the final day of each test in the paired
and Mg. The variables assessed included the values ofcontrols. In four of the six control microcosms, the
these properties at the end of the tests and the overallpH dynamic resulted in continuous light as soon as
changes in their values during the tests. Pairtsbts pH-controlled light was applied, as indicatedHig. 2,
were used to assess the effects of treatment on thesaupper right panel, anBig. 3, right side panels, by the
variables. Partial correlation coefficients were com- final highest pH values in these tanks, which were all
puted to assess the strength and probability of relationslower than the respective thresholds for switching light
among the properties. The cumulative light fraction and

final daily light duration were also included in the par- Treatment tanks Control tanks

tial correlation analysis to assess their relations with 7]2 L] T light , |

the other variables. g |— - [ stooneran i, 3
The randomization test was performed using = 0% 150 160 170 190 '1;0 0 10 °©

Microsoft Excel. Ther-tests and partial correlation 3

coefficient calculations were performed in SAS using £ fz : | — — g

PROC MEANS and PROC GLM, respectivel@AS g 8 :JJ MM ; B

Institute, 1988a The power of the-tests was calcu- 5 0|40 1;0 léo 1;0 40 1;0 1‘60 1'70 6

lated using the SAS function PROBBAS Institute, 5

19881, as was the required number of blocks toachieve = 7 I i iE

a power of 0.95. All power calculations used 0.05 8 I % ::l i 3

and were based on the probability of detecting a differ- 05 135 155 175 ”; s 155 175 ©

ence greater than or equal to 10% of the mean absolute
value of the tested variable. The factors in the model
used in Obtammg the_p(_;lrtlal correlations were test (l Fig. 2. Test 1: Actual durations of light and dark periods in treatment
or 2), block (on the stirring platform), and the test by tanks and the highest and lowest pH values attained during each
block interaction. The partial correlation coefficients light:dark cycle in corresponding paired control tanks. Treatment
for pairs of the analyzed variables were obtained from tanks attained continuous light at 24, 22, and 33 days, respectively,
the type-Ill sum of squares, the sign of the estimated lin- from the time at which they began receiving pH-controlled light in

. . . this test. Dashed vertical lines indicate the time at which the switch
ear reg'ressmn coefficient, and the error Sum of Squares'to pH-controlled light in the respective treatment tank was made.
allprovided by PROC GLM, as describeddteinbaum Dashed horizontal lines for the control tanks indicate the pH thresh-
et al. (1988) olds for switching lights off during their final light:dark cycle.

Days from beginning of experiment
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Treatment tanks Control tanks the mean final daily light duration. Given the high resid-
?‘; : | g ual variation in these tests, achieving a power of 0.95
o o H g L g was estimated to require 600 microcosm pairs.
i, ol —— dark i e s
% 24— P Frpp——— 3.2. pH plateaus
Ry M ) i
;’5 S e 8= Near the end of Test 1, a new pH dynamic developed
;: 22 7 in two of the treatment tanks and in one of the con-
' el e Nl H H H
26l B ~19 trol tanks Fig. 4). The rate of pH increase under light
8 V“\'. MVAW‘ h . 8 tapered to zero or became slightly negative, creating a
L L L L ] T ey

~

plateau or gradual decline in pH in a microcosm still
o _ receiving light. This plateauing dynamic also devel-
Days from beginning of experiment oped toward the end of Test 2 in the three control tanks.

. . . o The effect of this plateauing of pH resulted in the light
Fig. 3. Test2: Actual durations of light and dark periods in treatment . . .
tanks and the highest and lowest pH values attained during each staying 9” Commuo_usw under th? pH-controlled light.
light:dark cycle in corresponding paired control tanks. Two treatment  Plateauing under fixed photoperiods occurred repeat-
tanks (top and middle left panels) attained continuous light at 18 and edly during each light period at progressively lower pH
29 days, respectively, from the time at which they began receiving values until the switch to pH-controlled light at the end
pH-controlled lightin this test. Dashed vertical lines indicate the time of the test, after which Iight remained on continuously.
at which the switch to pH-controlled light in the respective treatment . . . .
tank was made. Dashed horizontal lines for the control tanks indicate The Oth.er ContrOI.tankS[ In Wh"?h plateaumg. did .nOt
the pH thresholds for switching lights off during their final light:dark ~ OCCUr, did not attain continuous light upon their switch
cycle. to the pH-controlled light regime.

The addition of 15mL Medium C did not have

off during this final Ilghtdark cycle. In one of the other any effect on the pH p|ateaus_ Larger additions of
control tanks, highest pH values remained relatively

stable under fixed photoperiods while lowest pH val-

0
510 525 540 555 510 525 540 555

: - ' g Micronutrients KNO3 & K;HPO,
ues increased~g. 2 middle right panel), producing a [q \ Vi
decline in daily light duration, i.e., the light was on only NP IRC
32% of the first light:dark cycle following its switch to 8
pH-controlled light, down from 50%. In the other con- Besh 534 5'98 202
trol tank, both highest and lowest pH values decreased ’ ’ ’
i i i iv i K:HPO,4 NHCl
Guration méreased from 50 o 68% i the first - AR
controlled light:dark cycle on the final day of the test T 8 f\v \l/_\\ln =
cont 5 WAV
in this tank. ; . : b
The tendency towards increased available energy 650 652 654
influx was more pronounced in the treatments than in NaHCOs
the controls, with daily light duration in treatment tanks 10 -
increasing by an average of 506 min while the average 8
in controls increased by 412 min based on their first c

6 1 s
708 712 716 720

Days since beginning of experiment

light:dark cycle (or immediate attainment of continu-
ous light) under pH-controlled light. The probability
of no treatment effect, however, was 0.375, as deter-
mined by the randomization test. This highvalue Fig. 4. Response of plateauing pH dynamic to addition of (a)
was obtained despite the 23% greater increase in aver—?ggor;];tii{gf ’(\IE; iza'\gné m(; }Sﬁéaﬂdvﬁ;)’oMszd;};ng é;%lt?jif“”g
age daily light duration in the treatments than in the > o ' - : o
cgntrols.yw?e power for this randomization test was (b)0.44mg IgHPQ,-P and 2.77 Mg NeCIN; (¢) 0.14 meq of alka:

. ] ) linity as NaHCQ. Shaded areas indicate the periods when light was
estimated at only 0.078 given a difference of 10% of .
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Table 1
Changes in chemical and community-structure measures during Tests 1 and 2

Ctrl Trt P(|TV) Power RN
TOC (mg/L) 1911 3205 0.057 0.071 290
TN (mg/L) —195 —153 0.506 Q062 528
Filtered N (mg/L) 05 04 0717 Q054 2e3
Filtered P (mg/L) -0.217 Q033 0336 Q050 led
Filtered Ca (mg/L) -0.4 -25 0.112 Q054 2e3
Filtered Mg (mg/L) -0.8 -13 0.081 0.063 467
C:N (g/g) 47 6.3 0.345 Qo061 576
C:P (g/9) 553 946 0.056 0.068 351
N:P (g/g) -58 -53 0.692 Q076 240
Alk (meg/L) -0.27 -0.41 0.099 0.066 397
Apha IV 0.167 Q161 Q929 Q055 le3
Nost IV —0.009 Q100 0204 Q052 3e3
Osci IV 0.152 Q104 Q212 Q062 524
Syne IV —0.006 —0.007 0944 Q052 4e3
BG IV sum Q313 Q389 Q782 Q074 257
Green IV sum ®32 Q085 0.031 0.064 437

Ctrl: mean from control tanks; Trt: treatment me&(7]): probability from two-tailed pairedtest of difference between treatment and control

(with P-values<0.1 in bold); Power=1% g (8 being the type Il error rate givem=0.05, an actual mean difference of 10% of the overall

mean of the absolute values for the tested variable, and variability as estimated from the current experiment); RN: number of microcosm pairs
required to achievg = 0.05 given the above conditions; TN: total measured N (TKN from unfiltered samples); Alk: titratable alkalinity; Apha:
Aphanothece; Nost: Nostoc, Osci: Oscillatoria; Syne:Synechococcus; BG: blue-green algae; IV: importance value; Green: green algae.

Medium C and of other solutions containing KNO increases in TOC and C:P were, respectively, 68 and
(whichincreases alkalinity through assimilatory reduc- 71% greater in treatments than in controls, while the

tion) shortened or eliminated therfig. 4a). Addition mean decreases in alkalinity and in filtered Mg were,

of N as NH,Cl (which decreases alkalinity), on the respectively, 52 and 62% greater in treatments than in
other hand, had the opposite effect, with plateaus devel- controls. The decrease in filtered Ca was greater in the
oping sooner and at lower pH after lights switched on treatments by a factor of six.

(Fig. 4b). Addition of alkalinity as NaHC@eliminated Among the community-structure measures, only
the plateausKig. 4c), which did not recur afterthe daily  the sum of the green algal importance values dif-
NaHCG; additions following Test 2. fered marginally significantly between light regimes,

increasing by 173% more in controls than treatments
(Table ). For the six community-structure measures,
the power for detecting a difference equal to 10% of

The analyses of chemical measures from both teststhe overall mean at =0.05 averaged 0.57 for the fina_l
produced few significant relations between the treat- Values (data not shown) and 0.06 for the corresponding
ment (pH-controlled light) and the chemical measures changes in values during the testalgle J. The sums
or their changes during the tes&able 9. At the end of both _the green and the blug-green_algal importance
of the tests, none of the 10 chemical measures differed Values increased under both light regimes.
even marginally significantly between the treatment  Final daily light duration and cumulative light
tanks and controls (data not shown). The power of these fTaction were positively correlated with changes in
tests for detecting a difference equal to 10% ofthe mean 19C. C:P. and blue-green algal importance but neg-
at @ =0.05 averaged only 0.18, however. Differences atively correlated with changes in alkalinity and fil-
between treatments and controls in the changes in thesé€'ed Mg and CaTable 3. Change in alkalinity
measures during the tests were marginally significant Was also negatively correlated with changes in TOC,
in four of the 10 casesTable 7). For these measures, (otal N, and blue-green algal importance, and posi-
the average power was even lower, at 0.06. The meantively correlated with changes in filtered Ca and Mg.

3.3. Exploratory data analysis
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Table 2
Partial correlation coefficients for changes in chemical and community-structure measures during Tests 1 and 2 along with cumulative light
fraction and final daily light duration

TOC Alk BG IV sum Green IV sum Cumul. light Final light
TOC (mg/L) 1000 —0.722 0.673 —0.286 0.804 0.557
TN (mg/L) 0.629 —0.745 0.586 —0.044 Q0347 0.722
Filtered N (mg/L) —0.146 —0.285 —0.056 —0.128 —0.554 —0.432
Filtered P (mg/L) ®76 —0.931 0.785 -0.173 Q379 0607
Filtered Ca (mg/L) —0.715 0.859 —0.760 0.313 —0.699 —0.779
Filtered Mg (mg/L) —0.725 0.875 —0.708 0.400 —0.721 —0.727
C:N (9/9) Q0198 0237 0091 -0.174 0531 0166
C:P (g/9) 0502 —0.225 0424 —0.409 0.772 0.363
N:P (g/9) 0166 —0.715 0.286 —0.336 —0.101 —0.100
Alk (meg/L) —0.722 1.000 —0.782 0.417 —0.542 —0.435
Apha IV 0.336 —0.705 0.686 0.271 —0.058 0438
Nost IV 0.364 —0.082 —0.286 —0.698 0.290 —0.387
Osci IV —0.391 Q0447 0063 0652 —0.530 —0.299
Syne IV —0.463 0441 —0.452 -0.191 Q093 Q070
BG IV sum 0.673 —0.782 1.000 Q048 0493 0634
Green IV sum —0.286 Q0417 Q048 1000 —0.499 0244
Cumul. light 0.804 —0.542 0493 —0.499 1000 0556
Final light (min) Q0557 —0.435 0634 0244 0556 1000

Alk: titratable alkalinity; BG: blue-green algae; IV: importance value; Cumul. light: cumulative light fraction; Final light: final daily light
duration; Green: green algae; TN: total measured N (TKN from unfiltered samples); Aphatothece; Nost: Nostoc; Osci: Oscillatoria;
Syne:Synechococcus. Values in bold indicate partial correlations with< 0.1.

Blue-green algal importance at the end of the tests 1 andNostoc, Synechococcus, andAphanothece during
was also positively correlated with both cumulative Test 2.

light fraction (-=0.857) and final daily light duration

(r=0.772).

4. Discussion
3.4. Other trends in measured properties during
Tests 1 and 2 The general trends in light duration and TOC were
consistent with the selective persistence of power-

Consistent trends in the chemical measures amongmaximizing ecosystem designs, as hypothesized. The
both treatment and control tanks during the two tests greater increase in TOC in the treatment tanks than
included a decrease in alkalinity and increase in C:N in the controls, for example, is a reasonable con-
and C:P massratiosinall 12 tanksand, in 11 of 12 tanks, sequence of the higher productivity expected with
an increase in TOC accompanied by decreases in fil- increased light duration in treatment tanks. The greater
tered Caand Mg. The exceptional tank in the latter case final daily light duration in microcosms that developed
was the one tank with a final daily light duration sub- under pH-controlled light relative to that in micro-
stantially less than 12 h. This tank also had the lowest cosms that developed under fixed photoperiods is also
final and initial C:P and N:P, the lowest C:P increase, an expected result given selective persistence of power-
and the highest final filtered Ca and Mg concentra- increasing pathways. The statistically unresolved ques-
tions. Alkalinity decreased by 4% in this tank while tion of whether selection or some other source of vari-
decreasing by 15-49% in the other tanks. The averageation in ecosystem attributes was responsible for the
C:N and C:P mass ratios at the end of the two tests greater final light duration under this treatment is char-
were 11.2 and 225, respectively. The dominant algal acteristic of small-sample statistical tests for natural
genera as indicated by importance values wire- selection. The need for an estimated 600 microcosm
chococcus, Oscillatoria, andAphanothece during Test pairs to detect a 10% difference is comparable to the
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sample sizes required in selection trials with individual
organisms as the trait-bearing unitdanly, 1985. In
all such studies adequate replication is at issue.
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A slow and progressive decrease in light absorption
by algae, which could have occurred as the fluores-
cent lights aged or as detritus increased, could account

If a single study with adequate replication is for the gradual decrease in pH values that occurred
unattainable, the strength of the results of small-sample under both light regimes. The daily pH plateaus (which
selection studies must be inferred through a series of resulted in continuous final light in the control tanks
tests of predictions from the same hypothesis over a when switched to pH-controlled light on the last day
long period of time in conjunction, if possible, with  of each test), however, cannot be explained by these
tests of any proposed mechanism that could be respon-factors alone, as both alkalinity and some nutrient addi-
sible for differences in prevalence or persistence. Our tions ended the plateauing dynamic. Nutrient deficien-
results are a beginning for such a process that can nowcies could retard pH increase during light periods by
be continued. Furthermore, we have demonstrated howreducing algal growth rates. Such deficiencies might
an ecosystem principle can be tested by connecting develop regularly toward the end of each light period,
what is usually taken as an exogenous variable (pho- as observed in previous microcosm metabolism studies
toperiod) and placing its control within the ecosystem as well as in natural systemBdyers, 1963b; Nixon,
itself. By establishing a novel feedback loop with the 1969. Although the high C:N and C:P mass ratios at
help of a computer, a potential for autocatalytic coop- the end of the tests do indicate possible N and P defi-
eration through a previously inaccessible energy flow ciencies, it is unlikely that nutrient deficiency alone
coupling was introduced to evaluate whether greater produced the pH plateaus, as addition of macronu-
energy influx and production would result, something trients (including N and P) and micronutrients failed
the maximum power principle predicts. Our results to affect the plateaus in some instances. Furthermore,
agree with this prediction, and this demonstrated capac- NO3~-N was the only nutrient addition that indepen-
ity for empirical agreement (or disagreement) with an dently eliminated the plateaus, while WHN had the
ecosystem theory is one of their chief strengths. opposite effect.

An overview of potential direct and indirect effects
of alkalinity on light duration is provided iRig. 5. The
decrease in alkalinity during the testable J would
lower pH values at all concentrations of dissolved inor-
ganic carbon (DIC), which could have contributed to
the increased light durations. If the rates of £&3sim-
ilation and generation were unaltered, both the highest

4.1. Factors contributing to pH decline

Interpreting the power-increasing pH dynamics
under pH-controlled light is complicated by the over-
all downward trend in highest pH values under fixed
photoperiods Kigs. 2 and R The association of this
trend with the development of pH plateaus in these
tanks suggests that another systematic factor—in addi-
tion to any light-increasing feedback loop—was partly
responsible for the power-increasing pH dynamics.
Factors that could have contributed to a decline in the
highest pH values attained during light periods include
nutrient limitation, a decrease in light intensity as the
fluorescent lights aged, an increase in detritus, etc. A

mechanism that would simultaneously explain both the
greater tendency to power-increasing dynamics under

Respiration
pH-controlled light and the systematic pH decline can

be offered, however, based on the exploratory data anal-Fig. 5. An influence diagram of relations among productivity, light

CO,(DIC)

COyin (DIC)

| Alkalinity ——@ pH(DIC)

Light duration

H

s
H:‘

ysis. The following evaluation of factors responsible
for the pH declines is thus important both to the iden-
tification of a likely mechanism and to the selection of
a modified experimental design that will diminish the
systematic pH decline.

duration, alkalinity, pH, and inorganic C dynamics. £® net
influx of CO, from the atmosphere; (DIC): associated property as a
function of dissolved inorganic carbon. pHcomp: pH at DIC com-
pensation concentration. Arrows indicate positive and solid circles
negative influences. Dotted lines indicate influences introduced by
pH-controlled light.
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and lowest pH values attained during fixed light and a mechanism for decreasing alkalinity, and thus for the
dark periods would be lowered. The pH at which the pH decline, in which production is an important fea-
DIC compensation concentration (and thus a stable ture. Alkalinity is sometimes assumed to be constantin
pH) was reached would likewise decline. Because CO aquatic systems. Here it clearly is not. The mechanism
accounts for more of the DIC at lower pH, netinflux of ~of its decline is central to any explanation of the results.

CO, from the atmosphere would decline, and DIC con-
centrations would be lowered, potentially to the DIC
compensation concentration during the light period.
Thus, a decrease in alkalinity could have resulted in
the daily pH plateaus in the fixed-photoperiod tanks,
which in turn produced continuous light in these tanks
when switched to pH-controlled light.
Under pH-controlled light, a decrease in alkalinity

would result in lower DIC concentrations throughout
the fixed pH range. Net primary productivity could

4.2. Possible causes of alkalinity decline

The major nutrients N and P are primarily responsi-
ble for nutrient-related alkalinity changesl¢rel and
Hering, 1993. The N inputs to the tanks were lim-
ited to N; influx and NQ~ additions, however, and
N> assimilation does not affect alkalinity while NO
assimilation increases it. Addition of P asHPO,
also increases alkalinity. Thus, nutrients are unlikely

increase in this case, as relatively less respiration would to account for the decreases in alkalinity. Localized
be required to reach the low pH threshold given that CaCQ precipitation in association with photosynthe-
CO, efflux would be lower. Consequently, the light sis and H excretion is common under alkaline condi-
would turn on sooner and the dark period would be tions and can function to alleviate both gé@nd nutri-
shorter. Reaching the low DIC concentration required ent limitations, with substantial calcification occur-
to reach the high pH threshold and end the light period ring in cyanobacterial mats during periods of nutrient
could take longer, however, as this low DIC concentra- deficiency McConnaughey and Whelan, 1997The
tion approached the DIC compensation point. If DIC localized CaC@ precipitation produces a long-term
limited primary productivity, lower DIC concentrations  decrease in alkalinity in the external medium. Although
would reduce the instantaneous rate of light energy cap- no precipitate was observed, Cag€buld have been
ture by the biota and slow the rate of increase of pH, deposited within cells or in mucilaginous sheaths or
particularly toward the end of the light period. This aggregates without being observed under the micro-
could account for the plateau effect and for the slow scope in this study.
declines in pH that occurred in some tanks while lights ~ Another possible cause for decreased alkalinity is
were on under pH-controlled light. The daily average excretion of organic acids. The measured alkalinity
rate of light energy capture, if limited by daily GO  would be particularly sensitive to lowkf organic
influx, could increase under these conditions with the acids (such as glycolic and lactic), which remain largely
increase in the fraction of the day under light. Neverthe- dissociated at pH 4.5, the endpoint of the alkalinity
less, even greater production could be possible ifCO measurements. The increase in both C:Nand C:Pin all
levels were enhanced. A pH-controlled valve on CO tanks could be attributable to the excretion of substan-
pump together with light control could thus provide a tial quantities of organic acids from the cells. Further-
further test of the maximum power principle. more, the high buffer capacity at low pH values and the
Although CQ limitation induced by an alkalinity  lack of a clear peak in the pH titration curve obtained
decline alone might account for the pH plateaus at from alkalinity measurements during this study are
the end of Test 1, the pH plateaus in Test 2 occurred both compatible with substantial concentrations of sev-
at alkalinities similar to those after the end of Test 2 eral organic acids, if these include some with lokp
when no pH plateau occurred. This difference is not values. The H from these acids would lower pH at
easily explained by a shift in community composition any given DIC concentration, and thus increase light
because the dominant algal groups were very similar period duration under pH-controlled light. The lower
during and after Test 2. The combination of nutrient pH would also increase DIC availability under either
and alkalinity additions might have prevented recur- light regime by increasing the proportion of DIC that
rence of the plateaus. Finally, the positive correlation was present as GO Although this increased avail-
of biomass production with alkalinity decline suggests ability would be beneficial under conditions of @O
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limitation, excretion of organic acid was not listed as a
COy-concentrating mechanism in any of the reviewed
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HCO3;~ became increasingly common, organic acid
production could have increased to compensate for the

literature, perhaps because the carbon cost would typ-increased HC@~ photoassimilation. Excretion of this

ically outweigh the immediate benefitdlbert et al.,
1985.
Although the above mechanism might be counter-

acid would further increase the duration of the light
period, resulting in an autocatalytic cycle promoting
overall net carbon fixation, as expected in a power max-

productive in most natural settings, the components of imization process in which a previously inaccessible
such a mechanism have been observed. The capacityenergy source is tapped.

for substantial organic acid/anion excretion by algae is

well documented@hang and Tolbert, 1970; Hosmani
et al., 1999, although the form of the compound
excreted is often not determined. Organic acid
metabolism plays an important role in regulating other

4.3. Other possible selective advantages of acid
excretion

Coprecipitation of P within a CaCp lattice

metabolic processes, including the maintenance of (Woodruff et al., 1999 could have contributed to the

intracellular pH. Thus, processes that increase intracel-

lular pH, such as photoassimilation of HgQ can pro-

observed P limitation and to the benefits derived from
H* or organic acid excretion. The excretion of chelat-

duce compensating reactions that increase organic aciding and solubilizing agents, including organic acids,

content Gakano et al., 1998; Foyer et al., 2008uch
compensation for the OHproduced during HCe"
assimilation could have become important during the
portions of the light periods in which HGO was the
predominant form of DIC in the microcosms.

Because biological membranes are typically much

by blue-green algae can increase P availability in the
presence of Ca-associated precipitatdar{dal et al.,
1992. When P is more limiting than C, the benefit
derived from increased P availability could outweigh
the cost of organic acid excretion. Such a mechanism
might have contributed to the higher blue-green algal

less permeable to the organic anion than to the organicimportance in tanks with longer light periods and to

acid, diffusion out of the cell favors the acid. Disso-

the negative relation between alkalinity change and

ciation of the excreted acid then occurs outside the change in blue-green algal importandalfle 2, thus

cell until equilibrium with the extracellular medium is
attained. Such equilibration of undissociated propionic

further reinforcing the power-increasing pH dynamics.
The increased light resulting from such a mechanism

and acetic acid has been demonstrated for blue-greenunder pH-controlled light would have intensified the

algae andChlorella, with acetic acid equilibration
occurring within 25s Raven, 1981 In particular,
glycolic acid excretion can account for 35-40% of
the C fixed during periods of high GQixation. The
dynamics of glycolic acid excretion b\nkistrodesmus
and Scenedesmus have been linked to the cell cycle,
with high excretion and low uptake during rapid cell
growth followed by low excretion and high uptake
preceding and during cell divisio€hang and Tolbert,
1970; Sakevich and Bespalko, 199Z hus, the loss
of C with the organic acid during the light period
is compensated both by the increased,dation
during the light period and by the reacquisition of
the organic acid during the dark period (or otherwise
during periods in which metabolic processes are
dedicated to cell division).

Organic acid excretion might have increased with
light duration in treatment tanks. As the duration
of the light period increased and predominance of

competition for CQ and P, providing greater selective
advantage to the blue-green algae that utilized these
mechanisms under pH-controlled light than under fixed
photoperiods.

Attaining greater C@ and P-assimilation rates
through excretion of organic acids or*Hvould be
costly for the individual organisms employing such
mechanisms, and some of the derived benefit would
also be exploitable by other phototrophs without such a
mechanism. If other phototrophs received, on average,
equal benefit from the acidification, natural selection
operating among the individual organisms under such
highly competitive conditions would tend to reduce
the populations of acidifying organisms, and thus sup-
press the acidification and its accompanying increase
in light duration. Most algae alter theirimmediate envi-
ronment by producing mucilag8éney, 1981; Gibson
and Smith, 198p however, and thus the benefits of acid
excretion could be more pronounced for the organisms
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closestto the acid excretion. Blue-green algal mucilage metabolic processes and light energy influx and

can contribute to the localization of the effects of acid-
ification not only by serving as a flocculating agent
(Choi et al., 1998 but also by providing microhabi-

acquisition.
Wilson (1997)proposed a similar mechanism by
which group selection among microecosystems asso-

tats with decreased diffusion rates and microsites for ciated with organic-matter aggregates could affect the

precipitation Arp et al., 1999.
Increases in C®concentration due to acidification

functional organization of energy flow through open-
water ecosystems. He reasoned that open-water ecosys-

within a mucilaginous environment would be espe- tems could contain billions of these microecosystems,
cially pronounced near the acidifying organisms, as which would vary in their productivity based on their
would the dissolved P concentrations in the case of P taxonomic and genetic composition. If more produc-

coprecipitation at high pH. Thus, increased photosyn-
thesis would be expected primarily for these acidifying
organisms and for other phototrophs in close proximity
to them. The increased light duration would benefit all
phototrophs within the tank that had sufficient nutri-
ents for continued photosynthesis. Given L£&nhd P
limitations, however, the increased génd P near the
acidifying organisms could allow all nearby organisms

tive microecosystems also contribute more organisms
to the colonization of new aggregates, such an advan-
tage would provide a mechanism for the selective per-
sistence of microecosystems with nutrient cycles and
energy flows organized in a productivity-maximizing
manner.
Organic acid or H excretion thus could be an

important mechanism by which pH was lowered

to benefitto a greater extent, on average, fromincreasedunder both light regimes and available energy influx
light than similar organisms that were not located in a increased under pH-controlled light. The evidence
mucilage-aggregated biotic assemblage possessing théor organic acid excretion under both light regimes

acidifying organisms.

suggests that increased light input was not the only

Mucilage-aggregated assemblages with some basis for the organic acid excretion. Selective ben-

organisms that perform a community-wide enhance-
ment of production would meet the requirements for
groups acting as units subject to natural selection
(Wilson, 1980; Sober and Wilson, 1998; Gould and
Lloyd, 1999. As the aggregates broke apart due to
the continuous stirring and intermittent disturbances
within the tanks, they would re-form in association
with other precipitate and detritus particles. Thus,

efit from acid excretion within mucilage-aggregated
assemblages under G@nd/or P limitation can indeed
account for such excretion and for an associated pH
decline under both light regimes. With increased light
inputunder pH-control, however, acid-excreting organ-
isms could multiply more rapidly, thus further decreas-
ing pH. Thus, the selective benefit of the increased
light obtained under pH-control could have contributed

the organisms and groups associated with theseto the trend towards power-maximizing pH dynamics
aggregates would obtain fresh supplies of otherwise being more pronounced in tanks with pH-controlled

limiting nutrients that would not be readily utilizable
by those groups with few or no acidifying organ-
isms. The proportion of acidifying organisms would
be expected to increase as P and,Qinitations
became more critical with increased light duration and

light than in those receiving fixed photoperiods.

5. Conclusions

biomass concentration and as a new balance between Fourimplications can be derived from the results of

individual and group selection was established. The
energy flow through these organisms would in turn
be selectively reinforced due to their greater capacity
for using the additional available energy to diminish
the existing constraints imposed by the £é&nd P

limitations. Selective persistence of acidifying organ-
isms would thus result from selective reinforcement
of autocatalytic cycles of energy flow established
through the positive feedback between acidifying

this study, based on the evidence of selective reinforce-
ment of power-increasing ecosystem designs, of high
variability in pH dynamics among similarly maintained
microcosms, of systematic alkalinity decline associ-
ated with ecosystem development, and of P an@d CO
limitations to algal productivity. First, the evidence for
selective reinforcement of power-maximizing ecosys-
tem designs within the microcosms was strong enough
to recommend additional testing using the methods
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employed in this study. It was not strong enough to doctoral fellowships from the NSF-supported Minor-
warrant a repetition of the tests, however, without mod- ity Engineering Doctorate Initiative Program and the
ification. More specifically, the tests provide evidence GE-supported Minority Engineering Faculty Develop-
of variability with respect to pH dynamics that ren- ment Initiative Program of the College of Engineer-
ders detection of moderate selection pressure actinging, University of Florida, with additional support for
on this property highly improbable unless the num- manuscript preparation provided by the U.S. Environ-
ber of microcosms is increased by a factor of 10 or mental Protection Agency. This manuscript has not
more. Third, the systematic alkalinity decline during been subjected to Agency-level review, however, and
the tests, irrespective of whether energy influx to the thus it does not necessarily reflect the views of the
ecosystems was affected by pH (or alkalinity), reduced Agency. Mention of trade names or commercial prod-
the likelihood of detection of selective reinforcement ucts does not constitute endorsement or recommenda-
or persistence of power-maximizing designs. Allevia- tion for use. This is contribution # AED-03-078 of the
tion of this systematic decline might reduce the number Atlantic Ecology Division.

of tested microcosms required in future experiments.
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