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1. Introduction

1.1. Complexity in Soil Biology

Complexity in soil biology is a multi-level concept. Soil itself is the result of multiple
interadions between physicd structure, interfacephenomena, soil biota adivity, popuation
dynamics, chemica compasition, time, and environmental condtions. In turn, the resulting
system (the soil) influences al those fadors except time. Soil complexity can thus be
observed at different physicd levels (i.e., frequency distribution o aggregates sizes, order
of strata, etc.), biologicd levels (i.e., taxocoenoses, oxidable organic matter avail ability,
popuation dstribution, etc.), interadion levels (i.e. mineral paths between compartments,
food web, etc.), or evolutionary levels (short-term variations on water avail ability, long
term erosion, etc.).

Deding with all the complexity of soil structure & all these levels, and its evolution,
may be beyond ou current ability. However, we might try to capture some measure of at
least the complexity of some of these levels. Shoud we be ale to measure that at diff erent
levels, we could use these measures to construct a model that could relate the underlying
proceses from whence the complexity emerges. In ddng so, it shodd be taken into
acoun that ssmple models of complex emlogicd systems tend to be doser to the truth
than more complex models of the same systems (Mikkelson, 2001).

Soil eclogy studies whaose main pupose is to serve ancther goal, i.e. community
charaderisation a biodiversity determination (which, in turn, may be used as tools for yet
ancther purpose, i.e. “biotope quality” assssment, asindicaors - Kurtz e a., 2001 can be
regarded as away to oltain asimplified view of a naturally complex system. Their goal is



often to produwce a ‘bladk box’ that ensnares a given set of complex fadors, and then
concentrate on the inpus and ouputs of that subsystem as related to the rest of the system.
How these relations affed the system often represents “a more useful kind o truth”
(Mikkelson, 2001) than the shea number of fadors that acuate within the bladk box.
Complexity in soil systems is, naturally, more than simply the number of these black
boxes and their interadions. However, one car look for operators that can encode agrea
ded of information, yet conwvey clealy some of the esence of what makes the system
complex (Paul K. Davis, personad communicaion). Biodiversity estimates can fit within
this caegory, as they are related to how the soil has come to be & a result of the
interadions depicted abowve. It has arealy been empiricdly demonstrated that there is a
crossscde influence of complexity levels when considering dfferent aspeds of the soil
system, such as the dose relationship between animal biodiversity and physicd soil
structure (Jordana € al., 2000 or even chemicd charaderistics (Peltier et al., 2007).

1.2. Soil Sampling | ssues

These soil emlogy studies usualy require processng a series of samples, that must meet
the basic condtions for emlogicd studies. appropriateness homogeneity, objediveness
standardisation and efficiency (Gauch, 1982 p. 44-8). The fulfilment of these condtions
would make data from several isochronal samples comparable (it is another matter to
sample dongtime). Idedly, a soil fauna sample shoud be large enoughso as to alow the
charaderistic(s) under study to be measured under no more eror than acceptable statistica
sampling error. However, when it comes to quantitatively determine the soil zoocoenosis
(which is necessary for diversity or richness measurements), the spatia distribution o
many soil fauna popuations, and very frequently their aggregated nature, must also be
taken into acount. Thus, one may choose between taking a very large sample that
encompasses a number of clumps, or taking a set of smaller, randam and independent
(Kasprzak, 1993 subsamples that are spread over a larger area ad acaimulate the
information drawn from these.

A sufficiently large number of subsamples oud statisticdly gather both the spedes
richnessinformation, or purely apha diversity, and the beta diversity, that is, the portion o
diversity that comes from the spatial distribution o the individuals of the popuations
(Margalef, 1980 Caswell and Cohen, 1993. It is well known that the number of spedes
usudly increases with the sample size and so dces the diversity (Margalef, 198Q
Magurran, 1989 Huston, 1994 Roszenweig, 1995. Aggregating the results of several
subsamples would thus yield a value of diversity usually larger than the value derived from
one single subsample. If it is necessary to determine the diversity of the whole sample, then
the size of eat subsample, as well as the number of subsamples that make up ore sample,
have to be determined. Very small subsamples will result in a large variance between
subsamples; but very large subsamples may mean an unrecessry amourt of material to
process

In spite of the importance of ensuring a sufficiently representative sample, emlogists
have not always appredated the true dfed of the sampling effort for the assessnent of
biodiversity (Gotelly and Colwell, 2001). Extrading and classfying soil fauna, which are
necessary for determining dversity, is not an easy task. If the study deds with large aess



from which many samples are taken, i.e. transeds aaoss eotones or heterogeneous
regions, the number of samples to processmay rapidly read the ‘Unmanageable” level. It
is thus of paramourt importance to determine which is the minimal sample size for these
type of studies, that will yield representative results withou imposing excessve (and
unrecessary) work (Kasprzak, 1993.

The problem of minimal sampling hes been constantly attadked ower time. There ae
several “rules of the thumb”, as well as formal methods, regarding the increase of the
number of spedes in the sample vs. the size of the sample, or number of subsamples for
soil diversity studies. Optimisation o the sample size would be idedly adchieved by
sequential sampling (Krebs, 1989 p. 238 where only the strictly necessary number of
subsamples would be taken; but thisis usualy nat feasible for soil studies as the processof
the subsamples is a lengthy ore (Krebs, 1989 p.196) and may include even the
determination, to spedes level, of the zoocoenosis. It is a wmmon strategy, thus, that
studies deding with comparison o soil fauna diversity acoss ®veral biotopes may neal a
systematic sampling where the minimal sample size is to be determined beforehand in a
pilot study, as it is dore in aher, perhaps lesscomplex systems where asinge ewologicd
indicaor is ugh (Kurtz & al., 2001).

1.3. Accumulation Curves

Most usual methods of prior minimal sample size determination would use some derivative
of the spedes-acaimulation curve. The sample size is plotted against the number of
spedes, and minimal sample size @rrespondto ore of severa “stopping criterion” that in
general mean that, beyond a cetain sample size the increase on spedes richnessmeasured
as yedes number islow enoughso asto justify nat taking alarger sample.

When “diversity” is meant to be just “richness, i.e. number of spedes, there ae a
number of parametric and nonrparametric estimators that will give the number of spedes of
standardised, smaller samples (such as rarefadion) or extrapolate to standardised, larger
samples (such as Michadis-Menten curve or Chao estimator). Most of them rely on
randamisation d existing data, such as colleded individuals, to get the necessary variance
estimates. A number of computer programs are routinely used for these estimations; the
most popuar ones being EstimateS (Colwell, 2000, WS2M (Turner et a., 2001, and
EcoSim (Gotelli and Enstminger, 2001). It shoud be noted that these methods will yield
and estimate of the total richnessof the biotope sampled, much better than can be obtained
from the dired reading d these parameters from the subsamples themselves; but they do
nat ensure that the asymptotic (total) richness has been readed (Gotelli and Colwell,
2001).

A minimal sample size for diversity studies of soil fauna has to ascertain that the
measured diversity, and nd just the spedes richness is representative of the biotope being
studied. Therefore, it is the acomulation d diversity what shoud be used in order to
determine that criticd size (Magurran, 1989 p. 59). A diversity-area arve would measure
bath alpha and beta diversity, and would idedly flatten at the point where the total diversity
of the biotope is measured, i.e., the structure of the community under study is caught. (We
do nd take into acmourt now the gamma diversity, sensu Margalef, or diversity through
time).



However, to construct such a arve from the ggregation o results of smaller
subsamples, as it would be the general case, or by adding spedmens one by ore, has also a
major drawbad. The order in which subsamples, or spedmens, are alded to the arve
significantly influences the value of diversity readed at ead pdnt. Thejoint list of spedes
and their abundances is diff erent depending onwhich subsamples from a larger sample ae
added up Thus, one may ohtain dfferent diversity curves depending uponthe particular
choice of subsamples and the order in which they are alded to oltain the progressvely
larger areds gedes list. Therefore, the seledion d minima sample size by any of the
usual subjedive aiteriais also affeded, yielding dff erent possbiliti es. This effed parallels
the one observed when constructing spedes acawmulation curves, and Monte Carlo
randomisations of subsample aygregates are the choice methods for the anstruction o
smooth spedes acaimulation curves that can be treded analyticdly or statisticaly
(Christen and Nakamura, 2000. Again, these methods may permit to infer the richness of
the biotope being sampled from the bodastrap samples, but canna ascertain that the
diversity measured statisticdly correspond to that of a complete enumeration o the
biocoenosis being sampled. This could be acomplished by somehow ensuring that the
samples being analysed are true minimal samples of the biotope for the parameter being
measured.

Accumulation curves can be used for this purpose. An asymptotic curve wuld, by
definition, yield the maximum value of the parameter oncethe asymptote has been readed,
and that would in turn give the value of the parameter and noestimate would be necessary.
However, thisisnot usually the cae, and a stopping criterion must be chosen.

Contrasting to the analyticd and statisticd treament of inference from acaimulation
curves, the stopping criterion for an acamulation curve has been somewhat left to the
reseacher’s discretion. Most scientific literature that resorts to a spedes-area arve (a
spedes acawmulation curve where the x-axis is not individuals but sampled area which
prevents it from analytica description and requires boastrap sampling and randamisations
—Gotelli and Colwell, 200%) for minima sampling assessnent do nd explicitly develop a
forma stopping criterion aher than “seeng the flattening’ of the acamulation curve or
other arbitrary criteria

2. Minimal Sample Sizefor Diversity M easurement

We propose a method for determining the minimal sample size by cdculating the
acamulation o diversity from standardised subsamples, that deds with the problems
explained above. Our method is based on the acumulation curve for the parameter of
interest, which can be ameasure of the complexity of the system. As a stoppng criterion,
we resort to the slope analysis, a family of methods used for two-sample @mparisons
(Dawson, 1998. We onstruct a diversity acamulation curve from subsamples, where
ead pant represents the average diversity of al possble cmmbinations of subsamples, or
of abodstrap sample of these combinations. This all ows us to determine the point of non
significant diversity variation, and thus minimal sample size by a simple statisticd test on
the slopes of the acumulation curve points. The method can be used to assessthe number
of subsamples that will be necessary to processin order to estimate diversity from soil
fauna samples onlarge studies.



2.1. Method

Let it be N subsamples of equal dimensions (be them surface volume, or masg coming
from a pilot study. We intend to determine the M number of subsamples that conform the
minimal sample for cdculating the total diversity. Each subsample is processed, and their
faunistic contents are extraded and clasdfied. The total extraded faunal categories (taxa)
are T. The dbundance results can be represented as the usual NT array, where olumns are
subsamples and rows are the taxa.

One will first cdculate the chosen diversity parameter D of ead subsample, which is
asaumed to be subminimal. We thus obtain a series of N individual values of diversity.
Next, we combine the first and the seaond subsample, and oliain the diversity of this new
doule-sized, poded sample. We do the same for all posdble pairs of subsamples, that is,
al posshle combinations of N vedors taken by twos, obtaining a new series of diversity
values for al possble pairs. The dgorithm thus continues by combining all posshble trios,
quartets, and so forth, of the subsamples and always cdculating a set of diversity values for
ead series. The number of passble mmbinations of x subsamples within the sample drawn
from the N total samples, N!/[x!(N-x)!], can be arather large figure; in that case, the
algorithm will seled arandam set of thase mmbinations.

In the next step, all series of diversities for the mmbinations of 1, 2, 3 ... x ... N
subsamples are areraged. We thus obtain a single value of average diversity, alongwith its
variance, for ead sample size Plotting the average diversity for ead sample size gjainst
the sample size, which is the number of subsamples x, we obtain the famili ar diversity/area
curve.

Now we seled the stoppng criterion. For the purpose of measuring complexity in the
form of diversity, we asume that we have cgtured the diversity of the system when
additional samples do nd add additional value to the diversity index that we have chosen,
that is, when the slope of the aurve between a pair of conseautive points is not significantly
different from zero (i.e., the arve is gatisticadly “flat”). Thus, we can perform asimple t-
test for the mean of the slopes between ead averaged diversity measure and al posshble
values of the following ore, and stop when we caina rejed the null hypathesis of these
slopes averaging zero at the desired significancelevel.

2.2. Algorithm Implementation
The dgorithm can be summarised as textual metacode in the foll owing steps:

1. Red the datafile, which will contain records in a suitable format that will expressthe
abundbnce of ead taxon in ead subsample.

Creae avedor S[1...N] containing the subsample cdes.
Obtain N vedors X[1... %:‘E ] of al posshle combinations of N subsample @des

from Staken byx where x (1¢N).
4. For eat of the N vedors X do:



4.1. Create a new empty vector D [1... @E ] for the D values.
4.2. For each element in X do:

4.2.1. Merge the faunistic lists of each subsample contained in the element,
adding the abundances for equal taxa.

422. Add anew D, eementtoD, withtheD value obtained.
43. Caculate D for D,.

4.4. Compute one-sided t-test for H=0 for the slopes between D, and Dn-1 if it
exists, against H,=greater mean.

45. Plot D againstn.

5. Choose sample size=n-1 when H =true at the desired significance level.

3. Discusson

While this diversity accumulation agorithm does not avoid initial oversampling, for it is
necessary to combine several small subsamples in order to be able to statistically compare
the means of their diversities, it may save extrawork if used as a pilot study prior to larger,
systematic studies by assuring that the samples taken will have adequate size. Whereas this
isthe goa of any sampling optimisation technique, we provide away to do it for repetitive
diversity measurements that includes some “statistical certainty” that, on average, we are
dealing with samples that will represent the true (up to beta) diversity of the biotope.

Our choice of averaging the slopes between the average diversity of al combinations of
subsamples and al the possible combinations of subsamples at the next point may
overshadow another possible technique, perhaps more straightforward, that would consist
on drawing all possible diversity accumulation curves for a set of subsamples, calculating
the average slope of all curves at each point and stopping when the average slope does not
significantly differ from zero. Though this may be more intuitive, we discarded it for the
sake of parsimony: There are N! possible accumulation curves for a given set of N
subsamples and 2"-1 possible diversity values giving

- N!

L il
possible slopes between these values aong the curve. However, the number of possible
dopes if only the slopes between the average diversity at one point and all possible

diversities at the next point are used is N

TH

which isamuch smaller figure.



The agorithm can be regarded as a null model that deliberately excludes the
mechanism of diversity formation (Gotelli, 2001), as it seeks a stopping criterion that is
explicitly statistical in nature and that does not depend on what the parameter means. Thus,
any complexity measure could, in principle, be subject to the same algorithmic decision if
they yield an accumulation curve.

As null models are usually based on real data sets of an index of community structure
(Gotelli, 2001), we have used a set of 12 initial soil nematode subsamples taken from an
oak forest in Navarra, North of Spain, as a part of a project on forest soil recovery after
fire. Samples were taken by a cylindrical corer, 25 mm in diameter. The original TxN
matrix, species level, is 104 x 12. The agorithm was programmed as a set of pure C
routines, debugged and tested with a series of benchmark files, and the program was
applied to the real data matrix. The accumulation curve for species for Shannon’s diversity
H’ (fig. 1) shows no distinct flattening, whereas the slope of the diversity curve becomes
not significantly different from zero (95% confidence level) after the tenth sample. The
total number of H’ values calculated were 4,095. The number of necessary slopes to test if
all individua curves had been plotted to look for non-significant slope change would have
been over 823 million.
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Figure 1. Species/area and H' diversity/area curves when combining samples as described in the
text. Values are averages, rounded to integer in the case of species. Error bars represent standard
deviations. The mean of the slopes between the mean diversity at point 10 and the diversity values at
point 11 become not significantly (p<0.05) different from zero, whereas the species numbers are
always significantly different from each other.
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