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Abstract: Problem statement: This study is a unique attempt to characterizerBfghallow flat
bottom waste water fed fishery) as a complex bicklgsystemApproach: The characterization was
done both at the qualitative and the quantitatexels. The diverse microbial community and the
associated emergent behaviors resulting in intedregsource recovery by the Bheris were analyzed
under the lens of complexity to gain an understagdibout the qualitative features. To carry out
quantitative characterization, ideas of scaling podier law relationships were emphasized through
statistical analysis of observed da®esults: On comparing the plankton diversity of the Bhavith

rain water and waste water fed ponds located wi@Gaicutta (India) as well as Dhaka (Bangladesh),
the former indicated clear evidence of exhibitirgver law behavior (which is a strong signature of
complexity). The adequacy of observations was c&dtb in the saturation of the curves obtained on
plotting the number of observations against ther@jmmal Taxonomic Unit (OTU)Conclusion: This
study clearly reveals Bheri as a biological comgstem both at qualitative and quantitative leasls
compared to rain water as well as waste water dedi.

Key words: Bheri, power law, biological complex system, Opiersal Taxonomic Unit (OTU),
Integrated Resource Recovery (IRR), bioremediation

INTRODUCTION A complex system (unit) must contain many
constituents (subunits). These subunits must be
Complexity is a relatively new concept. The notioninterdependent (at least some of the time). The
of a complex system is not yet precisely delineatednteractions between the subunits must be nonlitegar
(Yaneer, 1997; GellMann, 1995). It is probably emsi least some of the time).
to convey the meaning of complexity by describing A complex system possesses a structure spanning

certain typical properties of complex system. TheSeveralscales.
search for the existence of these properties in any 1he properties of a complex system, observed at a

system can become the determining factor inParticular scale, are said to be emergent in timsese

characterizing such a system as complex. The agalysthat Such properties cannot be explained when vy st

for complexity can be done either at the qualigativ md_ividually every constituent of this scale, eaoh.
level taking into consideration one or more of thes which may also be a complex system made-up of finer

properties or at the quantitative level using powerscale.s' Itis a new.phenomenon special to the spale
laws/scaling relationships that are characteristi considered and arises _from the global interaction
%etween the scale’s constituents.

features of complgx sy_stem occurring in diverseasire The combination of structure and emergence leads
of natural and social sciences. _ to self organization, which is the outcome when an
Although a precise definition of complexity, emerging behavior has the effect of changing the
involving necessary and sufficient conditions arestrycture or creating a new structure. Each hidges|
somewhat difficult to formulate, some of the geoeri has its own scale and each new level has new kifds
features of complexity are as follows: relationships and properties. A complex systemna o
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level is made up of lower level complex systemspatterns are largely unknown. Inadequate samplagy h
interacting and creating the higher level orderlf-Se been a major limitation and it is only recently ttha
organization is not a strictly nested phenomenonresearchers are beginning to explore emergentrpstte
complex web of interactions may exist at all lsve and principles that may be common to microbes,
(Yaneer, 1997; Gell-Mann, 1995; Baranger, 2009).  plants and animals. Concepts of scaling have been
There is no single point of control in a complexwidely used in other biological systems as well
system. Complex systems show global coordinatedMakarievaet al., 2005a). Extensive studies have been
behavior, without the presence of any distinct glob carried out regarding metabolic scaling laws foduse
controller. the model of West, Brown and Enquist (WBE),
Generally some unique characteristics of anlimitations have been identified and possible
ecological system are responsible for its compjexit modifications discussed (Makarievat al., 2005b;
Some of these characteristics are large number &¥005c). In another related study, (Cleeal., 2005) have
diverse components, nonlinear interactions, scaleliscussed how monitoring multiple species at migltip
multiplicity, spatial heterogeneity, emergent pndjgs,  spatial and temporal scales is necessary to uaderst
unexpected dynamics and self-organization. Thenulti-species interactions and community dynamics.
complexity often takes the form of modularity in Power laws are characteristic of fractal objects
structure and functionality. Both hierarchical theand  because these are the only functions displaying
empirical evidence confirm this (Wu and David, 2))02 invariance under scale change. Statistical progeef
e.g., there are indeed a wide range of physicalecological and geologic fractals as well as fractal
biological and man-made components that interact igeometry applications in description and analydis o
building up an ecosystem. patch patterns and patch dynamics have been
There are different statistical measures to descri investigated extensively (Li, 2000; Loehle and Li,
the complexity of an ecological system. This can bel996).
done by quantifying the degree of diversity and its  Two theoretically and empirically important
dependence on space or time, the organizationeof thcharacteristics are associated with  power-law
biological interactions or the response of theeysto  relationships; firstly, power-laws and scaling
perturbations (Solet al., 2001a; 2001b). relationships are scale-invariant, that is theyspeshe
A simple power-law or scaling relationship can same statistical properties at any scale. This qutgp
often describe the complexity aspect inherent inrmakes scaling and power-law relationships very well

biological systems, viz.: suited for the study of ecological systems, whibbve
variability at different temporal, spatial and
Y = Yox@ organizational scales such that there is no single
‘correct scale’ for their analysis. The second intgat
Where: feature is the notion of universality. To understainis
Y = Some response or dependent variable feature, it is useful to examine the biomass size
X = Anindependent or explanatory variable distribution of pelagic communities, which have
Y, = A normalization constant already been studied by many groups of researchers.
a = The scaling exponent The most common representation of biomass size

spectra is in a form where every individual in the

At higher levels of organizations such as at thesystem is assigned to one of a series of size edass
level of populations, communities and ecosystemsh s represented on a logarithmic scale conforming taran
scaling relationships are fairly common (Marqeieal ., normalized spectrum. Evidence to date shows that
2005). oligotrophic ecosystems close to a steady stateepte

Studies have been carried out to understand thmore or less linear normalized biomass size spectra
microbial as well as eukaryotic diversity in term& (log-log scale). Thus, scaling and power-laws paoint
taxa-area relationships from the point of view ofwer  the action of universal or law-like phenomena altayv
law and spatial scaling (Browst al., 2002; Finlay, the study of ecological systems even in the absehce
2002; Greeret al., 2004; Horneet al., 2004). Despite detailed knowledge on demography and dynamics.
an increasing awareness that spatial patternirgpibf These tools provide a fresh perspective to tackle
microbiota can have important abovegroundecological complexity, from individuals to ecosyate
consequences in regards to plant community strectur(Marquetet al., 2005). Application of power-law and
and ecosystem functioning (Greenal., 2004; Balser scaling relationship are evident in many scientific
et al., 2001; Callawayet al., 2004), microbial diversity works such as to determine the abundance-range size
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relationship, abundance-body size relationshipgean diversity, useful varieties and total number ofnitans
size-latitude relationship, body size-latitude in rain water ponds from West Bengal, waste watdr f
relationship, species-area relationship, localaegi fish ponds (called Dighi and Khamar) from Banglddes
species richness relationship, species-energydue to similar climatic conditions) as well as Bbe
relationship, latitudinal gradient in species rieks from West Bengal, India clearly indicated a richer
(David and Kevin, 2004). diversity in case of the latter. The abundanceiftérént

Waste water fed fish ponds are a common featurplanktons in Bheri, as compared to the Dighis, Kan
in different parts of the world. The practice ialty  and fresh water ponds is in correlation with tregtive
started in Germany and was soon imbibed by thearticipation in the bioremediation process takigce
Chinese followed by other countries. These watelid®o in this complex ecosystem (Pradhah al., 2008).
in West Bengal, India (called Bheris) have a digtin  However, overgrowth of planktons often becomes a
different architecture resulting in extensive pgdafion  problem for pond management since they cause algal
of waste along with integrated resource recovey(R bloom. At the critical phase of transition from mikton
Chaudhuriet al., 2008a). Bheri, the shallow (50-150 growth to plankton bloom, fish plays an importaoler
cm), flat bottom, waste water fed fish pond, isnéque by grazing on the plankton. The two fold role plymey
ecosystem. The traditional knowledge, on detailedishes is indeed crucial-they maintain a propeaied of
analysis, revealed interesting scientific basigrethis  the plankton population in the Bheri and also cointre
age old practice. The shallow basin allows fulltieat  available nutrients in the wastewater into readily
circulation of water to the surface where algalobhe  consumable form that is fish (Ghosh, 1999).
can occur. This depth provides a better ratio betwe There have been quite a few studies on the
pond volume and pond surface as compared to deepaccumulation of metals in fishes generated through
pond, thus making this architecture favorable forthese means (Chatterjeeal., 2006; RayChaudhuriet
photosynthesis (Pradhagt al., 2008). The alkalinity al., 2008b). The water and effluent generated froen th
due to lime addition during pond preparation resirit  Bheri are used for cultivation of vegetables, which
pathogen/fecal coliform content reduction by 96-99%examination using Energy Dispersive X Ray
(Pradhanet al., 2008). Abundant quantity of algal Fluorescence, show no harmful metal accumulation
photosynthetic oxygen generated in the pond isaine (Ray Chaudhurét al., 2007). A detailed analysis of the
the reasons for the purification of sewage (Baraéwad  plankton varieties, plankton count, total colifocmunt,
Stanley, 1995). Bheri causes detoxification of wast dissolved oxygen, conductivity and so on present in
water by reducing heavy metals up to 25-99%, whilewater of Bheris as compared to rain water fed pponds
maintaining the biological oxygen demand at aboveDighi as well as Khamars, emphasized the architectu
80%. Being shallow, Bheri allows solar radiation toof Bheri as a facilitator for waste water purificat
penetrate to the bottom and thereby facilitategBarabasi and Stanley, 1995). This explains thetfet
photosynthesis. The high alkalinity stimulates thethough waste water fed fish ponds are a common
production of phytoplanktons, a primary producthe  feature in different parts of the world, yet nat&brk
fish food chain. The essential factors in the pemifon  as efficiently as those at ECW (R&haudhuriet al.,
process are the shallow depth allowing penetratibn 2008a). Studies have also revealed rich microbial
uniform sun rays to the bottom of the pond; thedwvin diversity (Ray Chaudhuri and Thakur, 2006) in B&eri
causing oxygenation through stirring of the water;Thus, Bheri being a complicated ecosystem from the
growth of multiple forms of plankton, algae and functional and biodiversity aspects, this studited
bacteria resulting in active bioremediation as vasl to analyze it as a model of a biological complestesn
abundance of water hyacinth leading to metalas compared to rain water ponds and Khamars.
accumulation along the different plant parts (Ray
Chaudhurkt al., 2008c). MATERIALSAND METHODS

A significant contribution to the purification
process is made by the planktonic species. The soldhe quantitative characterization: In this study,
energy is trapped by a dense population of plarsktonattempts have been made to characterize Bheri as a
which then get consumed by the fishes. The plarktoncomplex system by utilizing the concepts of scaklng
play an important role in degrading the organicterat power law relationships. For this purpose, sampie®
Different planktons are known to play specific mia  collected from five different Bheris, five differenain
bioremedial processes like metal accumulationwater ponds (both from West Bengal India) and three
degradation of several aromatic hydrocarbonsdifferent Khamars from Dhaka, Bangladesh. The data
herbicides and insecticides. A comparative studyhen were analyzed in terms of the saturation curves
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obtained and the “straight lines” fitted by the dea OTU, = The number of total species observed till that

square method. particular observation

Data collection and analysis: a = The first observation and so is equal to 1
Collection of samples from the Bheris of East A = Any particular subsequent observation
Calcutta Wetland: Water samples were collected from

five different Bheris viz., Captain Bheri, Natar &fh Taking logarithm on both sides of Eg. 1 and

Nuner Bheri (No. 1), Nuner Bheri (No. 2) and rearranging, we get:

Charakdanga Bheri. The distances between

Charakdanga Bheri and the others, viz., CaptairriBhe log (OTU/OTU,) = z log (A/a) )
Natar Bheri, Nuner Bheri 1, Nuner Bheri 2 are 1771,
2142, 1514 and 1457 meters respectively. Thirty
aliquots of water samples were collected from déffie
parts of each Bheri. The samples were collected
sterile falcon tubes of 50 mL each from a depti.6f
2.0 cm below the surface of the water.

Equation 2 gives a straight line in the variabtes
iﬁA/a) and log (OTW/OTU,), thereby permitting the use
of linear regression. The detailed procedure faviag
at these values is described below: water sampbee w
collected from the water bodies in 30 falcon tubash.

Collection of samples from Rainwater ponds and They were used (2QiL) to observe the varieties of
Khamar: The collection procedure was same as tha lanktons in those water samples. The number of OTU
for Bheris. The difference was mainly in the satgrt Was calculated. The value of Log (A/a) as well ag L

of the spots which were more dispersed. The sampld@TUM/OTU) was calculated for each point of
were carried to the laboratory at room temperatmg  Individual water bodies. The data was plotted vifte
maintained similarly until the analysis was comptet ~ former on the X and the latter on the Y-axis.

Saturation study: Water in each falcon was mixed by Statistical analysis of data: Regression Analysis was
inversion and 20 pL was observed under the lighemployed to fit the “best” straight line to the ebsed
microscope. The number of observations and the&lata points with log (A/a) and log (ORIDTU,) as the
different varieties of microscopic bodies observasie  independent and dependent variables respectively.
noted and a graph was plotted with number ofValues of the following quantities were obtaineldps
observations on the X axis and the total number ofnd intercept of the “best” fit straight lines, &axent
newer varieties observed with each observationhen t of determination, standard errors for the slope and
Y axis. The resultant curve indicates whether sditbm  intercept.

in screening the diversity has been obtained. This

process was repeated for each Bheri, rainwater pontihe qualitative characterization: The bioremediation

and Khamar. as well as integrated resource recovery occurrindyeé
For determining the plankton diversity in the Bedtie  Bheris resulting in cleaner environment with better
following procedure was adopted: the water (109 livelihood support was compared with the charastieri

from different aliquots were pooled and harvested afeatures of a complex system to unravel the assogja
10,000 g for 10 min. The supernatant was discasted if any.

the pellet was resuspended in 340 of distilled water

and 20puL of it was used to visualize the suspension RESULTS

under light microscope.

Saturation curves. When the number of observations

| hni lied as d - 'was plotted (X-axis) against the number of totalvne
power law technique was applied as done previdgly -\ arieties, called Operational Taxonomic Unit (OTU)

other groups (Greeet al., 20(.)4; Green_ and _Boh_annan, observed till a particular observation (Y-axis) fach
2006). Thed éaxa-observlatmnf rr]el?tll(l)nshlp . s well\ater body, a saturation curve was obtained. A
approximated by a power law of the following form: o resentative graph for the Bheris is shown in Eig

Power law: For quantitative analysis of the system

OTU, = OTU, (a/AY (1) _ _ .
Alignment of data-points by least square fit: In the
Where: present research, the relationship between
OTU, = The number of species observed in the first€lative richness of species (QTOTU,)
observation and relative observation (A/a) was scaled (Blg
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Fig. 1: The saturation curve for different Bhefitie number of plankton varieties visualized witlkeleabservation
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Fig. 2: Statistical analysis of observed data thholeast square estimation. (A) The best fittedight line through
the data points obtained from Natar Bheri, NuneeiB{No. 1), Nuner Bheri (No. 2), Charakdanga Blaed
Captain bheri by least square estimation indictem to be non-linear complex system at the quetivé
level. (B) Similar analysis for the other water msdclearly indicate departure from straight lirehavior
pointing towards the inadequacy of power law desicn.
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Fig. 3: Photograph of microscopic biota at

were identified as follows:Closterium sp.,
Scenedesmus sp., Tetraedron sp., Cosmarium
sp., Microcystis sp., Cyclotella sp. Asterionella
sp., Diatoma sp., Navicula sp., Nitzschia sp.,

Characiopsis sp., Chlamydomonas  sp.,
Chlorella sp., Chlorococcum sp.
Haematococcus  sp., Kirchneriella  sp.,
Micractinium  sp., Merismopedia  sp.,
Sephanodiscus sp

If power law is obeyed then the log-log plot shob&la
straight line. Linear regression was used to ft'thest”
straight line using data on relative richness cdcéps

40X
magnification. The species present in the image

(r") were calculated for each set (i.e., using data
collected from each water body) in the form ofiplét
of values as depicted below:

«  Captain Bheri-(0.3400, 0.1250, 0.9860)

« Natar Bheri-(0.4392, 0.0775, 0.9550)

e Nuner Bheri (No. 1)-(0.4351, 0.0491, 0.9854)
e Nuner Bheri (No. 2)-(0.4984, 0.1315, 0.9911)
e Charakdanga Bheri-(0.3944, 0.1998, 0.9733)
e Gulshan lake-(0.0256, 0.1349, 0.5428)

e Bauniabad pond 1-(0.0449, 0.1272, 0.5348)
e Bauniabad pond 2-(0.0487, 0.3242, 0.6090)
« Rain water pond 1-(0.0416, 0.1169, 0.6831)
* Rain water pond 2-(0.0236, 0.3113, 0.3801)
* Rain water pond 3-(0.0027, 0.0542, 0.2516)
Rain water pond 4-(0.0327, 0.1753, 0.5759)
Rain water pond 5-(0.0370, 0.2897, 0.4314)

DISCUSSION

In Fig. 1 each series clearly depicted the adeguac
of the screening. The data for Rain water ponds and
Khamars were presented elsewhere (Pradétaal.,
2008). The saturation curve obviates the need for
increasing the number of observations in each case.

The high values of the coefficient of determinatio
in case of Bheris indicate that almost the entire
variation in the dependent variable can be expthine
assuming a linear functional form of the independen
variable, which in turn validates the power law

(OTUA/OTU, and relative observation (A/a). The slope behavior (Fig. 2A). However the same for the other

(m), intercept (c) and the coefficient of deterntioa

water bodies are much lower indicating that theltgy
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plot departs significantly from straight line bemav

showing inadequacy of the power law behavior irecas
of these entities (Fig. 2B). Values of the slopes

determined by this analysis agree with the reat t
the slope of the log-log graph in this setting dtiche
within zero to one (Greeet al., 2004). Results of other

studies show the slope to be 0.134 for phytoplankto

morphospecies in Aquatic Island (Sméttal., 2005).

Exhaustive statistical analyses were carried out f

each data set; viz., regression statistics, rebmlutput,
standard errors, p-values and t-statistics for lsttpe
and intercept of the “best” fitted straight lineasll as
a brief ANOVA with F statistics (data not shown).

This study started from the premise that the log-

log plot should be a straight line in case of a ptax
system. Calculation of the values of m, ¢ ahdlearly
validate this hypothesis.
(Fig. 2A and B) it is clear that inspite of beimyolved

in fish production with microbial growth; Bheri,

Khamar as well as rain water pond show distinct
variation with only Bheri satisfying the power law

behavior, a typical signature of complexity.

The qualitative characterization: It is also possible to

characterize Bheri as a complex system by examining
some features of Bheri at a qualitative level as th

following points show:

From the above result$

Bheri consists of multiple subunits in the form of
bacteria, phytoplankton (Fig. 3), zooplankton, fish
and water hyacinth. It reflects the property of a
complex system which has multiple subunits

The food chain described earlier explains the
interaction between the subunits to ensure
functioning of the system. It also indicates the
structure (of the Bheri) which spans over several
scales from microscopic bacteria to macroscopic
fishes. The water hyacinth accumulates metal
within its submerged as well as aerial parts,
reducing the metal content of water. The water
draining into the Bheri comes from domestic as
well as industrial sectors causing heavy metal load
in it. This metal load is reported to be purified
through natural processes before it is finally
released into river Hoogly (Smitkt al., 2005).
This can be correlated to the property of intecacti

process. The treatment of the surface with lime is
necessary to kill the pathogens while the other
microbes grow removing metals and degrading
wastes. The leveling of the bottom of the pond with
the specific depth ensures uniform distribution of
sunlight throughout the water body which is
required for phytoplankton growth. The release of
the fish fry at the optimal moment restricts
plankton bloom and ensures that the latter is used
as fish food. The smaller fishes are consumed by
the larger ones which in turn are food for human
beings. Thus each component is essential for the
overall functioning of the system with none as the
pivotal point. This is one of the defining featurds

a complex system

The interaction of the individual components leads
to resource recovery, waste ~management,
employment/economic stability as well as revenue
generation. Thus the interaction among the
individual components leads to these emergent
properties as depicted schematically (Fig. 4)

@ Sedimentation and siltmg

being present among the different components ofig 4: Schematic representation of the variousisite

the Bheri having a structure spanning several scale
The interaction between different subunits is
essential for the completion of the processes
operating within the Bheri. However, no single
component behaves as the sole controller of the

8

of Bheri and their interaction resulting in the
emergent behavior identifying Bheri as a
biological complex system from the qualitative
point of view. Here HR stands for human
resource
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« The process operating at the Bheris leads td3aranger, M., 2009. In chaos, complexity and ertrop
purification of soluble waste of the city. Here the http://necsi.org/projects/baranger/cce.pdf
waste gets converted to safe water for irrigatisn aBrown, J.H., V.K. Gupta, B.L. Li, B.T. Milnand
well as fertile soil (the effluents from the bottarh C. Restrepoet al., 2002. The fractal nature of
the Bheri after each round of fish growth). This in nature: Power laws, ecological complexity and
turn provides employment to a large number of  biodiversity. Philos. Trans. R. Soc. Lond, B
individuals (Ray Chaudhust al., 2009) and food 357: 619-626. DOI: 10.1098/rsth.2001.0993
(vegetables, paddy as well as fish) to an everCallaway, R.M., G.C. Thelen, A. Rodriguez and W.E.
greater population. Thus through its multifarious Holben, 2004. Soil biota and exotic plant invasion.
activities, Bheris self organize into integrated Nature, 427: 731-733. DOI: 10.1038/nature02322
resource recovery units Chatterjee, S., B. Chattopadhyay and S.K. Mukhopagh
2006. Trace metal distribution in tissues of cidsli
(Oreochromis niloticus and  O. mossambicus)
collected from wastewater-fed fishponds in East
Calcutta Wetlands, a Ramsar site. Acta Ichthyol.
Piscat., 36: 119A-125A.

Bheri consists of a large number of individual
organisms belonging to thousands of species irtatpc
with each other and with the abiotic environmenthbo
on spatial and temporal scales. These interactwes

frequently non-linear in nature. The enormous ptalsi
and biological diversity, coupled with the non-kme

http://www.aiep.pl/volumes/2000/6_2/pdf/05_738_
Chatterjee_et_al.pdf
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