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Abstract

There have been a number of studies dealing with soil hydraulic properties. Yet, there is a
poor discussion on the number of samples necessary to represent such variables that usually
vary orders of magnitude in space. In the present paper, we examine the adequate number of
samples for two soil saturated hydraulic conductivity (Ksat) data sets: (1) normal
distribution (a 40 year-old pasture) and (2) non-normal distribution (primary forest). To
assess the adequate number of samples in each case, we used for normal distribution, an
statistical criterion of standard deviation lower than 5% compared to a high sampling effort
(n = 25) as an indicative of a proper representation of Ksat variability. In the case of non-
normal distribution, we used the same criterion but using median absolute deviation (a non-
parametric statistics). Both data sets were available in Salemi et al. (2013) and were Ksat
measured at 0.15 m soil depth for medium-textured inceptisols in Sdo Paulo State, Brazil. For
each data set, we simulated 10 ‘new’ samplings in which we calculated mean and standard
deviation from sample 1 to 25 (for normal data) and median and median absolute deviation
(for non-normal data). We found that, on average, at least 17 to 22 samples had to be
collected to meet the adopted criterion for normal data whereas 20 to 25 had to be collected
for non-normal data. Such numbers of samples exceed those used in a number of papers.
Additional examples of this method with a light modification are given to establish number of
samples in new study areas as well as to estimate number of samples when comparing two
(or more) land-uses. Simple and practical procedures like those presented here could
estimate the number of samples that adequately represents soil hydraulic properties
variability.
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Introduction

Soil hydraulic properties such as infiltration capacity and saturated hydraulic conductivity are important to
understand water movement within the soil (Reichardt and Timm, 2012). Such variables have application in
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different areas of soil, agricultural, forestry and environmental sciences such as soil and water conservation
(Bertoni and Lombardi Neto, 1990), irrigation (Barreto, 1986), hillslope hydrology (Kirkby, 1978) which, in
turn, can help to predict peak flows (Hewlett, 1982).

Infiltration capacity and soil saturated hydraulic conductivity generally present substantial spatial
variability (Mesquita and Moraes, 2004; Bonell et al., 2010). Values of such variables can vary up to three
orders of magnitude for a given soil type (Salemi et al., 2013; Ghimire et al., 2013; Ghimire et al., 2014). Such
variation along with laborious field and laboratory methods make its proper representation a hard task. For
example, one single measurement of infiltration took 6 hours using the double ring method (Bono et al,,
2012). For this reason, papers that characterized soil hydraulic properties used a quite variable number of
samples ranging from 1 to 87 samples (e.g. Elsenbeer et al., 1999; Souza and Alves, 2003; Moraes et al., 2006;
Bonell et al., 2010; Salemi et al., 2013; Vilarinho et al., 2013; Ghimire et al., 2013; 2014). Yet, there is a poor
discussion on the number of samples necessary to represent such variables that usually vary orders of
magnitude in space. In other words, how many sampling units are needed for an accurate assessment?

In this context, the objective of the present paper was to present a simple method used to estimate the
number of samples (also known as sample size) to properly characterize the soil saturated hydraulic
conductivity.

Material and Methods

Study area

The soil saturated hydraulic conductivity (Ksat) measurements of pasture and forest have been obtained
from two sites. First, pasture (hereafter in the present paper ‘normal data’) was a 40-yr old pasture
(Brachiaria decumbens Stapf.) located in Natividade da Serra - SP (Brazil) (Latitude: 23¢ 24’ 53,9” S
Longitude: 45 © 15’ 04,0” W). This pasture is sited on steep slopes dominated by medium textured soils
classified as cambissolos haplicos distréficos (Brazilian soil classification system by EMBRAPA) or
Inceptisols (US Soil Taxonomy). The same soil type was present in Forest (hereafter in the present paper
‘non-normal data’). The forest site is located inside the State Park of Serra do Mar in Sdo Luiz do Paraitinga -
SP (Brazil) (Latitude: 230 17’ - 23° 24" S Longitude: 45003’ - 45°11'W). Mean slope for pasture and forest
were 37 + 17% and 28 * 14% (mean * standard deviation) respectively. For more details on soil see Salemi
etal. (2013).

Methods

Ksat measurements used in the present paper was measured at 0.15 m soil depth at both sites using a
constant head permeameter known as Amoozemeter (Amoozegar, 1992). Twenty five samples have been
collected following linear transects from the water divide to approximately 30 meters relative to a first order
stream (Salemi et al., 2013). The distance between measurements was ~ 2 meters. We decided to use the
observations available in Salemi et al. (2013) for two main reasons: (1) direct access to original observations
and (2) a high number of samples (n = 25).

Aiming to estimate an adequate sampling effort, we assumed that the 25 samples used in Salemi et al. (2013)
are the best representation of the two sites. For this reason, the statistics calculated with such
measurements should be taken as a reference in determining the adequate number of samples. For this, we
simulated 10 ‘new’ sampling events for each site. In each simulated sampling, we assumed the 25 samples
have been collected randomly as this is a practical and advantageous sampling design compared to others
(Hassler et al, 2014). To simulate random sampling, we used a simple on line randomizer
(www.randomizer.org). In doing the randomization, mean and standard deviation have been calculated from
the first (x1) until the last sample (x25) for normal data whereas median and median absolute deviation have
been calculated for non-normal data. Thus, 25 measures of central tendency and 24 of variability have been
calculated for each of the 10 simulations in each site/data set. Median absolute deviation (MAD) was
calculated as follows:

MAD = median (I xi — median I) (1)

Where: xiis the observation

Once performed the 10 simulations in each site (data set), a representative number of samples was
considered achieved when variability statistics values presented consistently (i.e. for three times
consecutively), a maximum of + 5% of the variation of the statistics obtained from the maximum number of
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samples (n = 25). Put another way, when standard deviation or median absolute deviation of a given number
of samples met such criterion for three times in row, we admitted a representative number of samples had
been achieved. This method is an adaptation of the one ecologists use when determining the need for
additional samples to define species richness in a given ecosystem (see, for example, Gotelli and Chao, 2013).

Analysis

Aiming to demonstrate graphically the effect of increasing number of samples on data variability, we
arbitrarily selected 3 of the 10 simulations (randomization 2, 4 and 6) for both data sets (‘normal’ and ‘non-
normal’).

The basis for the comparison of variability statistics is that when one increases the number of samples (also
known as ‘sample size’), it is possible to obtain statistics closer to population parameters. In the present
paper, we assumed that the best representation of the soil had been achieved with a Ksat sample of 25
originally available in Salemi et al. (2013).

Results

The statistics for the high number of samples (n = 25) were 29.30 + 17.09 mm hr-! (mean #* standard
deviation) and 60.97 *+ 44.24 mm hr-! (median + median absolute deviation) for normal and non-normal data
respectively. In the case of normal data, 17 + 5 samples had to be collected to reach the criterion (i.e. 5% of
the standard deviation of the maximum sampling effort). Number of samples varied from 9 to 23 (Table 1).

Table 1. Number of samples, mean, standard deviation and their absolute difference when compared to the maximum
sample size for normal data. All statistics are presented in mm hr-1.

Deviation when n = 25

Simulation Number of Samples Mean Standard Deviation Mean Standard Deviation
1 19 27.57 17.01 1.73 0.07
2 12 30.52 17.65 -1.22 -0.57
3 19 30.39 17.71 -1.09 -0.63
4 13 30.25 17.76 -0.95 -0.68
5 10 29.56 17.54 -0.26 -0.46
6 9 27.05 16.51 2.25 0.57
7 12 36.46 17.61 -7.16 -0.53
8 19 29.41 17.75 -0.11 -0.67
9 18 27.01 16.63 2.29 0.45
10 23 29.64 17.41 -0.34 -0.33

*Negative values indicate mean and/or standard deviation were higher than those obtained compared to the maximum
sample size (n = 25).

As for non-normal data, 20 + 5 samples had to be collected. Number of samples varied from 7 to 25 (Table
2). In normal and non-normal data sets, there was a relatively low absolute deviation of the variability
statistics compared to the one of the maximum number of samples (Table 1 and 2).

Table 2. Number of samples, median, median absolute deviation and their absolute difference when compared to the
maximum number of samples for non-normal data. All statistics are presented in mm hr-1.

Simulation Number of Median Median.Ak?solute Median Deviation when n = 25
Samples Deviation Median Absolute Deviation

1 24 60.97 42.44 0 1.8

2 24 60.97 42.44 0 1.8

3 15 50.81 43.16 10.16 1.08

4 21 50.81 40.65 10.16 3.59

5 20 60.97 42.44 0 1.8

6 25 60.97 42.44 0 1.8

7 24 60.97 42.44 0 1.8

8 24 60.97 44.86 0 -0.62

9 7 60.97 16.63 0 -1.25

10 21 60.97 17.41 0 0

*Negative values indicate median and/or median absolute deviation were higher than those obtained compared to the
maximum sample size (n = 25).

For normal data, the simulations 2, 4 and 6 reached the criterion at 12, 8 and 9 samples respectively (Figure
1). As for non-normal data, simulations 3, 4 and 6 reached at 15, 21 and 25 samples respectively (Figure 2).
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Figure 1. Normal data statistics. Circles indicate mean Figure 2. Non-normal data statistics. Circles indicate
whereas bars represent standard deviation of the soil median whereas bars represent median absolute deviation
saturated hydraulic conductivity (Ksat) for of the soil saturated hydraulic conductivity (Ksat) for
randomizations 2 (a), 4 (b) e 6 (c) as a function of number randomizations 3 (a), 4 (b) e 6 (c) as a function of number
of samples (x axis) of samples (x axis).
Discussion

The criterion to reach a representative sampling were, on average, 17 and 20 samples for normal and non-
normal data, respectively. In other words, after collecting these numbers of samples, there was no
substantial modification in the variability statistics when adding an additional sample. Such number of
samples are higher than the ones used in a number of papers (e.g. Silva and Kato, 1998; Beutler et al., 2001,
Aratjo et al, 2007; Borges et al, 2009; Bono et al, 2012;). In case our Ksat variation presented for
inceptisols also represent other soil types (oxisols, ultisols and others), there have been probably a
misrepresentation of such variable in the referred studies. For this reason, such papers probably over or
underestimate the actual Ksat variability. As a matter of the fact, there were lower (Figure 1b) and higher
(Figure 1a,) standard deviation when using number of samples equal or lower than 5 which was
substantially lower compared to the one indicated by the present approach (n=17). Number of samples
lower than 5 have been used in many papers.

The same rationale just described applies to the case for non-normal data. That is to say, low number of
samples (i.e. n = 5 or lower) generated variability statistics that do not approached the ‘actual’ population
variability (Figure 2).

Regarding normal data, number of samples equivalent to 17 or even 22 (that is, the mean, 17, plus 5, the
higher end of standard deviation) and in the case of non-normal data 20 or even 25 provided reasonable
substance to accept that number of samples (n = 21) used by Elsenbeer et al. (1999) and Moraes et al. (2006)
as well as the one used by Bonell et al. (2010), which varied from 22 to 87, could probably be considered a
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well-represented sample, though no explanation on the basis of the number of samples is provided in all
these papers and other including Salemi et al. (2013).

We acknowledge that in doing the procedure shown here with maximum number of samples higher than 25,
it is possible to obtain different results. This means that, as one increases the number of samples, there is an
approximation between the statistics (estimates based on samples) and parameters (actual numbers
regarding the population). Thus, increasing the number of samples leads to a more representative sample.
That is specially the case when one gets samples varying from more than 2 orders of magnitude which are
not uncommon in studies dealing with soil hydraulic properties under certain land-uses (e.g. Moraes et al,,
2006; Scheffler et al,, 2011; Hassler et al., 2012; Ghimire et al., 2013; Salemi et al., 2013; Ghimire et al., 2014).
For instance, inceptisols and luvisols (Ghimire et al., 2013, Salemi et al., 2013; Ghimire et al., 2014), as well
as plinthic soils (Moraes et al., 2006) presented Ksat varying 3 orders of magnitude.

The procedure presented here could also be utilized for verifying the number of samples when sampling soil
hydraulic properties in a new study area (that is, there is no previous information on soil hydraulic
properties of the area). In this case, a slightly different manner is proposed, that is, when collecting samples,
if the addition of new samples do not produce substantial variation on the variability statistics for, at least, 3
subsequent additions of new samples, an adequate number of samples can be considered met. Furthermore,
the procedure could also be applied in case a comparison between land-uses is the goal as it was the case of
many studies (see, for example, Zimmermann et al., 2006; Scheffler et al.,, 2011; Salemi et al., 2013). The
procedure used here could point to a single number of samples that should be collected in the two (or more)
land-uses being compared. To exemplify such case, we performed calculations with pasture data (‘normal
data’) using the median and median absolute deviation (the statistics used for non-normal data, that is,
forest). In doing so, pasture median absolute deviation stabilized only at 25 samples whereas forest
stabilized at 20 samples. Thus, in this case, 25 samples was the standard number of samples that have to be
collected in order to have a balanced comparison between land-uses.

Though the criterion (5% around variability statistics) used here is, to some extent, arbitrary, it seems
reasonable to assume that no substantial modification of variability indicated a proper representation of soil
hydraulic property variation. In addition, such accuracy is well within the limits of accuracy that are
required to estimate hydraulic properties in the field (Reynolds and Elrick, 1990).

Lastly, the idea behind such method is not entirely new. Ecologists use similar criterion when deciding the
need for additional samples to determine species richness in a given ecosystem (Gotelli and Chao, 2013). In
this case, when species samplings do not add new species in the area, the number of species of the
ecosystem is considered met.

Conclusion

A simple and practical procedure to examine number of samples has been provided using variation stability
as the main criterion. When sample variability stabilized, it indicated that sample variation probably
approached population variability generating an adequate representation. Though the results presented
here might be site-specific, the demonstrated procedure can be utilised for estimating number of samples in
other areas in future studies.
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