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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The precision of global monetary cost 
estimates of biological invasions is 
assessed quantitatively for the first time. 

• The distributions of the leading digits of 
reported cost estimates were compared 
against expectations from Benford’s 
Law. 

• Strong evidence of irregularities in re-
ported costs was found irrespective of 
the type of cost or perceived reliability. 

• The prevalence of round numbers and 
numerical heaping suggests many cost 
estimates are imprecise and possibly 
inflated. 

• Tests of Benford’s Law indicate a need 
for greater transparency and rigour 
when estimating costs of biological 
invasions.  
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A B S T R A C T   

Several hundred studies have attempted to estimate the monetary cost arising from the management and/or 
impacts of invasive alien species. However, the diversity of methods used to estimate the monetary costs of 
invasive alien species, the types of costs that have been reported, and the spatial scales at which they have been 
assessed raise important questions as to the precision of these reported monetary costs. Benford’s Law has been 
increasingly used as a diagnostic tool to assess the accuracy and reliability of estimates reported in financial 
accounts but has rarely been applied to audit data on environmental costs. Therefore, the distributions of first, 
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Non-native species 
Scale-invariance 

second- and leading double-digits of the monetary costs arising from biological invasions, as reported in the 
InvaCost database, were compared with the null expectations under Benford’s Law. There was strong evidence 
that the reported monetary costs of biological invasions departed considerably from Benford’s Law and the 
departures were of a scale equal to that found in global macroeconomic data. The rounding upwards of costs 
appears to be widespread. Furthermore, numerical heaping, where values cluster around specific numbers was 
evident with only 901 unique cost values accounting for half of the 13,553 cost estimates within the InvaCost 
database. Irrespective of the currency, the value of 1,000,000 was the most common cost estimate. An investi-
gation of anomalous data entries concluded that non-peer reviewed official government reports need to provide 
greater detail regarding how costs are estimated. Despite the undeniably high economic cost of biological in-
vasions worldwide, individual records of costs were often found to be imprecise and possibly inflated and this 
emphasises the need for greater transparency and rigour when reporting the costs of biological invasions. 
Identifying whether the irregularities found for the costs of biological invasions are general for other types of 
environmental costs should be a research priority.   

1. Introduction 

It has been well established that the frequency distribution of the first 
or leading digit in a set of numbers, rather than being uniform, generally 
follows a logarithmically decaying distribution (Berger and Hill, 2021; 
Miller, 2015). This first-digit law, often referred to as Benford’s Law, has 
been shown to hold across a diverse range of environmental datasets 
including the travel distances of tropical cyclones (Joannes-Boyau et al., 
2015), daily pollen counts in cities (Docampo et al., 2009), annual 
streamflow of rivers (Nigrini and Miller, 2007), the duration of volcanic 
eruptions (Geyer and Marti, 2012), the emissions of greenhouse gases 
per country (Sambridge et al., 2010), as well as phytoplankton abun-
dance in lakes (Ozkundakci and Pingram, 2019). 

Despite Benford’s Law being widely applicable, it is not generally 
known, and thus it is assumed that individuals manipulating data would 
be unlikely to replicate a realistic digit distribution (Moul and Nye, 
2015; Nigrini, 2012; Tam Cho and Gaines, 2007). For this reason Ben-
ford’s Law has been applied to detect voting fraud (Breunig and Goerres, 
2011), the manipulation of international trade statistics (Cerioli et al., 
2019), and the trustworthiness of COVID-19 case reports (Silva and 
Figueiredo, 2021). More recently, Benford’s Law has been applied to 
detect data manipulation and anomalies in environmental datasets 
including air quality information (Stoerk, 2016), the integrity of emis-
sion reduction data (Cole et al., 2020), and the reliability of fish-catch 
reporting (Noleto et al., 2022). 

While the majority of environmental studies have focused on the 
frequency distribution of the first-digit, Benford’s Law involves a more 
general framework based on the joint distribution of the whole set of 
significant digits of each number (Barabesi et al., 2021). Integrating the 
analysis of the first-, second- and the leading double-digit in a set of 
numbers (e.g., in the number $6543.21, they are 6, 5 and 65, 

respectively) has been shown to be an effective means to reveal potential 
data irregularities (Nigrini, 2012). As a result, Benford’s Law can iden-
tify varying levels of imprecision in cost data (Fig. 1). 

Nevertheless, not all datasets conform to Benford’s Law and it is 
generally applicable only where there is a large sample of individual 
estimates (N > 1000) that range across more than three orders of 
magnitude and exhibit positive skew such that the mean is greater than 
the median (Melita and Miraglia, 2021; Tam Cho and Gaines, 2007). 
Furthermore, Benford’s Law does not apply to sets of sequential 
numbers, assigned numbers (such as postcodes, car license plates or 
telephone numbers) or numerical series that are restricted to certain 
maximum or minimum bounds (Clippe and Ausloos, 2012; Pinilla et al., 
2018). Although shaped by human activity, both actual and forecast 
monetary values (where not deliberately manipulated or subject to 
excessive rounding) have generally been expected to follow Benford’s 
Law (Cunha and Bugarin, 2015; Günnel and Tödter, 2009). Under-
standing the nature of data that can be expected to follow Benford’s law 
is clearly of critical importance. 

However, since Benford’s Law is an empirical observation, any sig-
nificant departures from expectations should be interpreted carefully 
and cannot provide irrefutable evidence of intentional data manipula-
tion (Balashov et al., 2021). Departures from Benford’s Law can occur 
for legitimate reasons or inadvertently without any need to imply 
deceitful data manipulation (Nigrini, 2017). Therefore, tests of Ben-
ford’s Law should be viewed as an initial filtering step in data analysis 
providing an indication of whether more detailed investigation is war-
ranted (Druică et al., 2018). 

Although Benford’s Law has been applied to financial data in order to 
audit irregularities in fiscal accounts (Moul and Nye, 2015; Nigrini, 
2012) there has been no attempt thus far to audit estimates of the 
monetary costs of environmental degradation (Arendt et al., 2022; Feng 
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Fig. 1. Schematic illustration of the different forms of numerical rounding, the appropriate test using Benford’s law and the interpretation of such tests.  
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et al., 2021). One of the primary threats to economic and environmental 
wellbeing globally is the impact of invasive alien species on human 
health, food security, and ecosystem function (Pysek et al., 2020). The 
increasing application of global data to address the monetary costs of 
invasive alien species has provided some of the most striking evidence as 
to why biological invasions need to be prevented or rapidly contained 
(Cuthbert et al., 2021; Diagne et al., 2021; Haubrock et al., 2022; Kouba 
et al., 2022; Renault et al., 2022; Wang et al., 2023). Nevertheless, the 
diversity of sources from which costs of invasive alien species have been 
drawn, the types of costs that have been estimated, and the spatial scales 
at which they have been assessed raise important questions as to the 
precision of reported monetary cost estimates pertaining to biological 
invasions. 

For example, should estimates of monetary costs derived from peer 
reviewed publications be assumed to be more reliable than those ob-
tained from grey literature (Augusto et al., 2010)? Similarly, are costs 
arising from the management of invasive species more verifiable than 
less easily quantified measures of ecosystem damage (Emerton and 
Howard, 2008; Vaissiere et al., 2022)? Scaled-costs that result from 
mathematical combinations of numbers, such as when costs estimated at 
a single location are extrapolated to a much larger area, often conform to 
Benford’s Law (Tam Cho and Gaines, 2007). Thus, would data that have 
been scaled-up from observations at individual sites to provide country- 
level cost estimates or that are projected from a subset of data be ex-
pected to show fewer deviations from null expectations? To find answers 
to these questions, the distributions of first-, second- and leading double- 
digits of costs reported as arising from the impact and management of 
biological invasions and collated in the extensive global Invacost data-
base (Diagne et al., 2020) were examined with reference to the null 
expectations under Benford’s Law. 

2. Materials and methods 

2.1. Monetary cost estimates of invasive alien species 

The most recently updated version of the InvaCost database (v 4.1) 
includes 13,553 entries that describe the estimated or reported mone-
tary costs from invasive alien species retrieved from both peer-reviewed 
as well as other literature sources worldwide (Balzani et al., 2022; Jiang 
et al., 2022; Kourantidou et al., 2022; Turbelin et al., 2023; Wang et al., 
2023). All studies to date using the InvaCost 4.1 database have stand-
ardised these original cost records using appropriate currency conver-
sion and inflation correction factors to enable global scale comparisons 
(Diagne et al., 2023; Jiang et al., 2022; Kourantidou et al., 2022; Renault 
et al., 2022; Wang et al., 2023). However, standardisation of economic 
data to a common currency benchmark often involves sufficient 
compression or transformation of the data to account for currency 
conversions or inflation that the base assumptions for conformity with 
Benford’s Law will likely not hold (Nye and Moul, 2007). For this 

reason, only the original raw cost estimates in the local currency, even if 
accumulated over several years, were used in this analysis since it is 
these values that have been drawn from reports and publications and 
most likely to exhibit any underlying departure from Benford’s Law. 

In addition to reporting the estimated monetary costs in local cur-
rency at the approximate time of expenditure, the InvaCost 4.1 database 
includes multiple additional fields that facilitate the refining of analyses 
and in particular four fields are the subject of the present analysis (Leroy 
et al., 2022): a) source reliability (high or low); b) cost realisation 
(observed or potential), c) type of cost (management or damage), and d) 
spatial scale (continent, country, region, site etc.). The perceived reli-
ability of a data entry was classed as either high or low with the former 
class being assigned only if the entry was associated with well docu-
mented, reproducible, and traceable methods. A distinction was also 
made as to whether data entries were costs that were realised as having 
been observed or were only based on predictions of projected expected 
costs (potential). Costs were classed as either arising from damage 
incurred because of the invasive alien species (e.g., yield losses of crops, 
human health costs) or instead reflected the management expenditure 
arising from dealing with the species (e.g., labour and pesticide used). 
Although costs have been reported at multiple spatial scales, most es-
timates have been drawn from studies at either a country or a site scale, 
with the latter being defined as an area at intra-country level, including 
USA states, thus comparisons were made at only these two spatial scales. 

2.2. Null model expectations of digit frequencies under Benford’s Law 

If a set of numbers follows Benford’s Law, then the expected fre-
quency of digit d occurring as the first or second digit is given by (Miller, 
2015): 

First digit probability P(d) = log10

(
1 + d

d

)

for d ∈ {1,…9} (1)   

Second digit probabilityP(d)=
∑9

k=1
log10

(

1+
1

10k+d

)

ford∈{0,…9} (2) 

The first-digit test is the most widely used approach for detecting 
non-conformity in monetary data and is useful for picking-up obvious 
anomalies (Moul and Nye, 2015). However, the second-digit test is 
recommended as a more robust indicator of data anomalies than the 
first-digit-test because the deviations between the observed and ex-
pected frequencies are more pronounced when there are systematic ir-
regularities in the data (Breunig and Goerres, 2011; Diekmann, 2007; 
Todter, 2009). When examined together, an overrepresentation of ones 
(1 s) in the first-digit test combined with an over-representation of 
zeroes (0 s) in the second-digit test, with both digit tests revealing an 
underrepresentation of nines (9 s) is indicative of a tendency to round 

Table 1 
Sample size (N), numerical range and coefficient of skew for the overall InvaCost 4.1 database and subsets examined in this study. Bayes factors (B10) are presented for 
the analyses testing whether the first-, second- and leading double-digit distributions are consistent (H0) or depart (H1) from a null expectation based on Benford’s Law. 
Key to interpreting Bayes Factors: >100 extreme evidence for H1; 30–100 very strong evidence for H1; 10–30 strong evidence for H1; 3–10 moderate evidence for H1; 
1–3 anecdotal evidence for H1; 1 no evidence.   

N Range Skew First-digit Second-digit Double-digit 

BF10 BF10 BF10 

Overall database  13,553 1.71 × 1013  106.85 1.04 × 109 ∞ ∞ 
High reliability  12,410 1.79 × 1012  52.85 1.79 × 106 1.17 × 10276 ∞ 
Low reliability  1143 1.71 × 1013  31.94 1.22 × 10− 5 8.92 × 1071 6.44 × 1055 

Observed costs  11,009 1.71 × 1013  98.07 9.10 × 107 ∞ ∞ 
Potential costs  2544 1.79 × 1012  38.27 2.50 × 10− 6 5.42 × 1020 9.48 × 10− 11 

Damage  3484 1.71 × 1013  55.02 1.89 × 10− 7 2.82 × 1039 0.793 
Management  9392 1.79 × 1012  94.72 3.65 × 105 9.07 × 10283 ∞ 
Country scale  2956 1.71 × 1013  50.07 1.59 × 10− 9 1.04 × 1083 2.29 × 1043 

Site scale  9027 2.00 × 1011  34.40 2.68 × 1014 2.26 × 10214 ∞  
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values upwards (Charles, 1988; Lacina et al., 2018). Rounding of nu-
merical values to a smaller number of significant leading digits is com-
mon practice in both environmental science (e.g., 67,835 rounded to 
70,000) as well as in financial audits (e.g., values expressed to the 
nearest $1000) yet will alter expectations arising from Benford’s Law. 
Under such circumstances, comparison with the rounded Benford dis-
tribution for both the first and second leading digit is often more 
appropriate (Günnel and Tödter, 2009; Slepkov et al., 2015). 

Benford’s Law can be extended to two digits with the expected fre-
quency of digit d1d2 occurring as the leading first two-digits is given by 
(Miller, 2015): 

First two-digit probability P(d1d2) = log10

(

1+
1

d1d2

)

for d1d2 ∈ {10,…99}

(3) 

In contrast to the first- and second-digit tests, the double-digit test is 
primarily used to provide greater granularity in the analysis by pin-
pointing abnormal duplications of double digits and possible biases in 
the data. It is based on the observation that pairs of digits in many 
datasets are not uniformly distributed and follow a predictable pattern. 
Analyses of the first-, second-, and leading double-digits were under-
taken for the entire dataset as well as separately for each of the paired 
comparison examining method reliability, cost realisation, type of cost, 
and spatial scale. Additional analyses of the first- and second-digit dis-
tribution against the rounded Benford distribution were undertaken to 
gauge the extent to which rounding might explain deviations from 
Benford’s Law. 

2.3. Statistical analysis of goodness of fit to Benford’s Law 

Both the first and second non-zero digit left of the decimal point were 
extracted from each raw cost estimate in the local currency presented in 
the InvaCost 4.1 database (accessed on 11th November 2022). The 
observed frequency of first-, second- and leading double-digits in the 
raw economic cost data were compared with the expected null (H0) 
frequency under Benford’s Law. Statistical comparisons between the 
observed and expected leading digit distributions have most often used 
Pearson χ2 goodness of fit tests, however, the interpretation of χ2 is 
markedly influenced by sample size such that for large samples size (N 
> 500) any deviation from the expected, no matter how small, can lead 
to Type I errors (Cleary and Thibodeau, 2005; Nye and Moul, 2007; Tam 
Cho and Gaines, 2007). Where sample sizes are large and risk of Type I 
errors is high, metrics that quantify how much more likely data occurred 
under the alternative (H1) compared to null hypothesis (H0) are more 
appropriate (Pericchi and Torres, 2011). The Bayes factor (BF10) quan-
tifies the relative predictive performance of two rival hypotheses, such 
that a BF10 = 2 means that the data are twice as likely under H1 than the 
H0, values >10 are considered strong evidence in support of H1 while a 
BF10 > 100 indicates extreme evidence (Stefan et al., 2019; van Doorn 
et al., 2021). Bayes factors have previously been shown to outperform 
standard Z-tests and χ2 tests of Benford’s Law (Derks and Wagenmakers, 
2021; Geyer and Williamson, 2004; Pericchi and Torres, 2011). Analyses 
therefore calculated BF10 under a default uniform prior as implemented 
in the Bayesian multinomial package in JASP v 0.17.1 (JASP Team, 
2023). 

3. Results 

The raw cost estimates in the entire InvaCost 4.1 database as well as 
in the different subsets satisfied the basic requirements for testing using 
Benford’s Law, being large enough sample sizes of positively skewed 
cost data ranging across at least twelve orders of magnitude (Table 1). 

3.1. First-digit distribution 

There was strong evidence that the first-digit distribution of the 
overall costs in the InvaCost 4.1 database did not conform to Benford’s 
Law, with an overrepresentation of the digits 1 and 5 and an under 
representation of the digits 8 and 9 (Fig. 2a, Table 1). This trend was also 
evident among the different subsets of the dataset but there was stronger 
evidence for a departure from Benford’s Law for data that were deemed 
more reliable (Fig. 3a), estimated management rather than damage costs 
(Fig. 3b), were observed instead of projected (Fig. 3c), and that were 
assessed at a site as opposed to a country spatial scale (Fig. 3d). First- 
digit distributions of estimates from sources deemed of low reliability, 
that estimated damage, or were assessed at a country scale appeared to 
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c)
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Fig. 2. The frequency of a) first-, b) second- and c) leading double-digits drawn 
from the economic costs of invasive alien species (columns) with the expected 
frequency derived from Benford’s Law (line). The 95 % confidence intervals are 
presented and are calculated based on the independent binomial distributions 
of each digit. 
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fit Benford’s Law. The BF10 was not correlated with sample size (Pearson 
r = 0.14, df = 7, P = 0.719) and most first-digit distributions exhibiting a 
BF10 > 100 providing extreme evidence for departure from Benford’s 
Law while the four values with BF10 < 0.01 indicated extreme support 
for the null expectation. 

3.2. Second-digit distribution 

The evidence for a departure from Benford’s Law was much stronger 
for second- than first-digit distributions, as indicated by considerably 
larger BF10 values (Fig. 2b, Table 1). In every comparison the BF10 
highlighted extreme evidence for departures from Benford’s Law 
(Table 1) but the evidence was stronger for data from sources that were 
classed as of low reliability (Fig. 4a), quantified management rather than 
damage costs (Fig. 4b) and were observed instead of projected (Fig. 4c) 
at site rather than country spatial scale (Fig. 4d). 

3.3. Evidence for rounding 

There was no evidence that either the first- or second-digit distri-
bution was shaped by simple rounding to the nearest significant figure 
and in all cases the fit to the rounded Benford was worse than to the 
standard Benford distribution (Table 2). Evidence of an over-
representation of ones (1 s) in the first-digit test combined with an over- 
representation of zeroes (0 s) in the second-digit test, with both digit 
tests revealing an underrepresentation of nines (9 s) was used to test for 
evidence that values may have been rounded upwards. Significant de-
partures from either the standard or rounded Benford expected distri-
bution were tested using the confidence intervals derived from an 
independent binomial distribution of each digit (0, 1 or 9). Results were 
dependent on whether the rounded or standard Benford distribution was 
chosen but the most parsimonious interpretation was that there was 

support for rounding up of values for the entire dataset, but the evidence 
was stronger for data from sources that were classed as of high reli-
ability, quantified management rather than damage costs, and were 
observed instead of projected at site rather than country spatial scale 
(Table 2). 

3.4. Double-digit distribution 

Given the evidence for both the first- and second-digit distribution 
analyses, the finding that the leading double-digit distribution also 
failed to conform to Benford’s Law was not surprising (Table 1). Across 
all data entries, marked departures from expected frequencies were 
found for the following double digits: 10, 20, 25, 30 and 50 all of which 
were strongly overrepresented. The complimentary underrepresentation 
of the double digits 49 and 99 is consistent with cost estimates being 
regularly rounded upwards (Fig. 2c). However, other double digits that 
could not be associated with rounding were also overrepresented 
including: 12, 13, 21 and 51. These trends were also apparent in the 
different subsets of data (Fig. 5, Table 1). In general, the double digits 
that tended to be overrepresented were similar for each pair among the 
four different comparisons, but the deviation from expected values 
appeared more marked for sources that were deemed reliable (Fig. 5a), 
estimated management rather than damage costs (Fig. 5b), were 
observed instead of projected (Fig. 5c), and quantified at a site as 
opposed to a country scale (Fig. 5d). The BF10 highlighted that there was 
support for costs that were projected or quantified damage to conform to 
Benford’s Law but for all other comparisons, highlighted extreme evi-
dence for departures from Benford’s Law (Table 1). 

3.5. Trends in overrepresented values 

While there were 13,553 entries in the InvaCost 4.1 database, these 
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Fig. 3. Comparison of the frequency of first digits drawn from the economic costs of invasive alien species (columns) with the expected frequency derived from 
Benford’s Law (line) in relation to whether the costs were: a) perceived as having high or low reliability, b) damage or management costs, c) derived from observed or 
projected data, and d) assessed at a country or site scale. The 95 % confidence intervals are presented and are calculated based on the independent binomial dis-
tributions of each digit. 
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amounted to only 7,442 distinct values and this points to clustering of 
costs around certain numbers. A total of 901 different values accounted 
for 50 % of the 13,553 entries in the InvaCost 4.1 database (Fig. 6a). The 
20 most frequent values accounted for over 11 % of all records with the 
number 1,000,000 being the most common, accounting for 1.57 % of all 
values (Fig. 6b). Other multiples of one million were also frequent, 
including 2,000,000, 3,000,000, and 5,000,000, and there was also an 
overrepresentation of much smaller numbers, all of which were simple 
multiples of 25.6 (e.g., 512, 256, 128 etc., Fig. 6b). These values account 
for the spikes seen at values 12, and 51 in the double-digit distributions 
(Fig. 2c). 

4. Discussion 

Estimating the costs of invasive alien species is challenging and a 
wide variety of methods, each with its own limitations, has been used to 
derive such estimates (Emerton and Howard, 2008; Vaissiere et al., 
2022). The researchers developing InvaCost have undertaken a major 
task to bring together these heterogeneous data sources and have done 
their best to screen all records in terms of objective measures of reli-
ability (Diagne et al., 2020). Nevertheless, despite these quality assur-
ance steps, there was strong evidence that the costs of biological 
invasions, as reported in the current InvaCost 4.1 database, do not 
conform to Benford’s Law indicating a problem with reporting and 
estimating costs. The magnitude of deviations from null expectations 
was dependent on the particular digit distribution examined 
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c) Cost realisation d) Spatial scale of costs
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Fig. 4. Comparison of the frequency of second digits drawn from the economic costs of invasive alien species (columns) with the expected frequency derived from 
Benford’s Law (line) in relation to whether the costs were: a) perceived as having high or low reliability, b) damage or management costs, c) derived from observed or 
projected data, and d) assessed at a country or site scale. The 95 % confidence intervals are presented and are calculated based on the independent binomial dis-
tributions of each digit. 

Table 2 
Bayes factors (B10) are presented for the analyses testing whether the first- or second-digit distributions are consistent (H0) or depart (H1) from a null expectation based 
on the rounded Benford distribution. Key to interpreting Bayes Factors as in Table 1. Evidence of rounding up was tested against a null model that used the standard or 
rounded Benford distribution in relation to an overrepresentation of ones (1 s) in the first-digit test combined with an over-representation of zeroes (0 s) in the second- 
digit test, with both digit tests revealing an underrepresentation of nines (9 s).   

Rounded first-digit Rounded second-digit Evidence for rounding up 

BF10 BF10 Standard Benford Rounded Benford 

Overall database 1.41 × 10230 ∞ Yes Yes 
High reliability 7.20 × 10207 ∞ Yes Yes 
Low reliability 4.09 × 1014 1.83 × 1090 No No 
Observed costs 1.96 × 10189 ∞ Yes Yes 
Potential costs 1.57 × 1034 9.25 × 1036 No Yes 
Damage 9.26 × 1053 3.02 × 1064 No Yes 
Management 7.29 × 10154 ∞ Yes Yes 
Country scale 1.99 × 1036 2.54 × 10114 No No 
Site scale 1.66 × 10167 2.92 × 10292 Yes Yes  
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emphasising the need for a broad approach simultaneously examining 
first-, second-, and leading double-digits. However, the marked de-
partures from null expectation observed for the second-digit distribution 
across the entire dataset and all its subsets is of most concern since it is 
recognised that the second-digit test is the most robust indicator of 
systematic irregularities in reported values. The scale of these irregu-
larities was greater for sources classed as having high reliability, that 
quantified management expenditure, were observed rather than pro-
jected, and were estimated at a site scale. Apart from the site-scale re-
sults, these findings are all contrary to the initial expectations. This 
suggests that the current screening criteria for data reliability currently 
employed in InvaCost may require revision and that the reports of cost 
values by the various authors (government agencies, scientists, or other 
actors) requires more detailed examination. 

Benford’s Law has previously been used to detect the possible 
deceitful manipulation of data in financial accounts (Rauch et al., 2011; 
Todter, 2009), electoral returns (Breunig and Goerres, 2011; Pericchi 
and Torres, 2011), and pollution records (de Marchi and Hamilton, 
2006; Stoerk, 2016). However, it is important to remember that tests of 
Benford’s law are only a first step in the identification of data irregu-
larities after which more detailed investigation is required to attribute 
the cause and assess whether there was misreporting or deliberate data 
manipulation. Thus, the analyses presented here cannot be interpreted 
as evidence of any misconduct. In contrast to situations where fraud has 
been detected in the financial accounts of a single individual or orga-
nisation, the data collated in the InvaCost 4.1 database stem from hun-
dreds of different published sources and authors drawn across multiple 
years, regions, and taxa. A strong conspiracy mentality would therefore 
be required to interpret the departures from Benford’s law found in the 

InvaCost 4.1 database as a deliberate global collusion to manipulate the 
estimated monetary costs of biological invasions. Nevertheless, the 
marked departures, particularly of the second-digit distribution, point to 
irregularities that are worthy of further investigation. 

It was evident that in many cases the reported monetary costs of 
biological invasions are presented as round numbers, defined as an 
integer which ends with one or more zeroes (0 s). The human tendency 
to use round numbers is commonly found in financial estimates and 
forecasts, often termed the round number bias (Lin and Pursiainen, 
2021). Round numbers are generally used under conditions of high 
uncertainty (Hervé and Schwienbacher, 2018) and this finding high-
lights that monetary cost estimates of biological invasions are often 
imprecise and that reporting data to many significant digits is rarely 
appropriate given the limited accuracy and repeatability of the methods 
(Emerton and Howard, 2008; Vaissiere et al., 2022). 

Round numbers could be the result of rounding up or rounding down 
of uncertain estimates. The data suggest that estimates are frequently 
rounded up as shown by the overrepresentation of ones (1 s) in the first- 
digit test combined with an over-representation of zeroes (0 s) in the 
second-digit test, with both digit tests revealing an underrepresentation 
of nines (9 s). Humans often use the leading digit of a number to rapidly 
estimate its magnitude and as a result the rounding up of the leading first 
digit of reported monetary values is often undertaken to improve the 
perceptions of financial statements (Lin and Hwang, 2010; Van Cane-
ghem, 2004). Nevertheless, whether due to using imprecise methods or 
the human tendency to use round numbers, the rounding upwards of the 
estimated costs of biological invasions appears to be widespread and a 
potentially significant issue. Although rounding upwards was evident in 
all comparisons, it appeared to be more of a problem for studies 
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c) Cost realisation d) Spatial scale of costs
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Fig. 5. Comparison of the frequency of the leading double digits drawn from the economic costs of invasive alien species (columns) with the expected frequency 
derived from Benford’s Law (line) in relation to whether the costs were: a) perceived as having high or low reliability, b) damage or management costs, c) derived 
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identified as having high reliability and describing observed costs, those 
related to management or those obtained at a site scale. 

One possible explanation for the high frequency of round numbers is 
that the expenditure on management is predetermined at a set value that 
is necessarily approximate and rounded up to only a few significant 
figures. Such values are often imprecise and may be shaped more by 
budgetary constraints of the commissioning organisation rather than by 
the actual scale of the problem to be managed. Under such circumstance, 
management expenditure is a poor estimate of the true cost of dealing 
with an invasive alien species. It is important to note that even when 
rounded up, any cost estimate subject to budgetary constraints could 
still be an underestimate of the true management cost of an invasive 
alien species. From an analytical perspective, using round data in place 
of the true values often results in biased estimates of regression co-
efficients unless an adjustment, such as Sheppard’s correction, is applied 
(Schneeweiss and Komlos, 2009). Therefore, making projections of 
future costs based on round data should only be attempted with 
considerable caution since uncertainty can propagate in estimates 
drawn from extrapolations (Henry et al., 2023). 

In addition to evidence of round numbers, the InvaCost 4.1 database 
shows considerable support for numerical heaping, where values (often 
round numbers) cluster around certain values (Roberts and Brewer, 
2001). For example, the value of 1,000,000 appeared repeatedly irre-
spective of whether the currency was United States, Singapore, New 
Zealand or Australian dollars, Japanese yen, European euros, or British 
pounds. Heaping appears to be marked for economic cost values that 
belong to the set of “Prominent Numbers” which includes the powers of 
ten (10; 100; 1,000 etc.), their doubles (20; 200; 2000 etc.) and their 

halves (5; 50; 500 etc.) that can be formally represented as n10i where i 
is any integer and n is ½, 1, or 2 (Converse and Dennis, 2018). Prefer-
ential use of prominent numbers would further contribute to the 
observed marked overrepresentation of 0 as a second digit. The fre-
quency distributions of double digits highlighted multiple spikes asso-
ciated with numerical heaping and while evident in all subsets of the 
InvaCost 4.1 data, appeared more marked in sources classed as being of 
high reliability and associated with observed or management costs. 
Heaping is common in self-reported financial data, and where infor-
mation retrieval and integration are particularly challenging, which is 
often the case for calculations of environmental costs (Gideon et al., 
2017). Heaping indicates imprecision in data and is of concern because 
it distorts the distribution of the underlying data and may have sub-
stantial effects on model fit, leading to biased estimates and inaccurate 
predictions (Wang and Heitjan, 2008). Nevertheless, heaping around 
prominent numbers is a common cross-cultural behaviour related to the 
way humans express numerical values that are uncertain (Jansen and 
Pollmann, 2001) and while this undoubtedly limits the precision of the 
cost estimates of biological invasions it does not on its own indicate 
misconduct. 

Benford’s Law has been widely used in forensic accounting to iden-
tify specific records that depart markedly from expectations (Nigrini, 
2012). A good illustration of this is the management cost dataset stem-
ming from ten annual reports published by the regional government of 
Valencia, Spain between 2010 and 2019 describing the number of days 
(and fractions thereof) spent controlling different invasive alien species. 
These working days were converted to monetary values by multiplying 
them by an average constant daily rate of €128 across all reports (Angulo 
et al., 2021). However, the reported estimates of management expen-
diture do not conform to expectations under Benford’s Law and out of 
the 123 records of €512 (equivalent to four workdays) in the InvaCost 4.1 
database, 48 (38.7 %) stem from a single annual report published in 
2014 (Generalitat Valenciana, 2014). While it is easy to understand why 
the reported costs are multiples or fractions of the average constant daily 
rate, Benford’s Law is scale invariant so the multiplication of worked 
hours by a constant hourly rate should not affect conformity with Ben-
ford’s Law. In this case, part of the departure from Benford’s Law is 
likely due to the hours worked being rounded to the nearest 0.1 days, 
which is logical for tracking staff time, but such a process will neces-
sarily lead to values being imprecise. However, the heaping around 
certain values is less easy to explain given that effort would undoubtedly 
vary depending on the taxon targeted for control and both the year as 
well as location of any management activity. For example, why was the 
most frequent duration of management exactly four days, but rarely five 
or three days? A possible explanation is that heaping could indicate that 
effort is determined more by work-allocation models (e.g., having one 
day in the office a week) rather than the actual effort required to 
eradicate species. These types of factors known to influence imprecision, 
rounding, and heaping of management expenditure are unlikely to be 
unique to this dataset but it is in part the quantity and level of detail in 
these reports that have helped provide some insights into how man-
agement costs are sometimes estimated. 

Another example is the frequency with which the value 1,000,000 
was reported in the InvaCost 4.1 database. Of the 212 reported cases of 
costs valued at exactly 1,000,000, the majority (146) were from Japan. 
These data all stem from government statistics published in official re-
ports or websites by the Japanese Ministry of Environment and the 
Ministry of Agriculture, Forestry and Fisheries (JUDGIT!, 2019; Watari 
et al., 2021). These costs are associated with estimates of both damage 
and management at country as well as site scales and have been classed 
as reliable. However, the preponderance of values amounting to exactly 
¥1,000,000 is not consistent with expectations under Benford’s Law. 
While no claims of inappropriate behaviour are being made regarding 
the official government sources used in the InvaCost 4.1 database, a 
deeper analysis on how such information is derived appears warranted. 

The sources of management costs in InvaCost are highly 
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heterogenous and include actual expenditures, estimates arising from 
research extrapolations, values that are estimated or planned budgets 
from government reports, and costs that are clearly coarse estimates (e. 
g., with cost values often being preceded by “up to” or “at least”). Un-
derstanding the degree to which different types of management costs 
depart from Benford’s Law expectations and which are the main sources 
of imprecision is necessary. For example, planned expenditures for 
invasive species management can be rounded or reworked to fit budget 
restrictions. In those cases, deviations from Benford’s Law can be 
expected. 

The foregoing illustrates the value of applying Benford’s Law to 
environmental cost data. The analytical approach, while simple, pro-
vides an efficient means to interrogate large datasets to identify poten-
tially problematic data sources or statistical challenges (such as use of 
round numbers and heaping). So how much confidence should be placed 
in the current assessments of the costs of biological invasions? It is 
important to restate that there is no suggestion that the researchers 
developing InvaCost have deliberately manipulated cost data, since the 
analyses are all based on previously published sources. Furthermore, 
publications arising from InvaCost have implemented quality assurance 
measures and have generally only used the most reliable data sources 
(Cuthbert et al., 2022; Fantle-Lepczyk et al., 2022; Renault et al., 2022). 
However, departures from Benford’s Law were more marked for sources 
classed as having high rather than low reliability. The Benford analyses 
present strong support for systematic use of round numbers, as well as 
heaping and this points to greater imprecision in estimates than previ-
ously recognised and likely result in somewhat inflated estimates of 
costs. Even with the InvaCost quality assurance procedures, it is evident 
that sources of monetary costs currently classed as reliable might not 
meet this criterion. InvaCost reflects the state of the literature on the 
monetary costs of biological invasions and is continually working to-
wards improvement by evaluating and standardising the reporting and 
comparison of cost values (Leroy et al., 2022). Benford’s Law could 
become a new component of data quality assurance which would com-
plement other ongoing efforts to provide assessments of the quality of 
cost estimates. Nevertheless, the key message that the costs of biological 
invasions arising from damage and management are considerable yet 
are widely underreported and thus underestimated likely remains true 
(Diagne et al., 2021). Thus, even with evidence of irregularities, a lack of 
precision in estimates reported in the literature, and possible inflation of 
some of the cost estimates, the scale of biological invasions and their 
impacts on the economy and ecosystems cannot be understated. 

The Benford’s Law analyses point to several recommendations 
regarding how the monetary costs of biological invasions should be re-
ported. First, there needs to be more transparent and thorough docu-
mentation of how cost estimates are derived, including the models and 
assumptions used, the types of costs included, the spatial scales at which 
costs are assessed, and where rounding or other adjustments have been 
made. This would allow others to evaluate and compare estimates and 
replicate or refine the analyses more critically as well as assess reliability 
more objectively. Second, it is essential that authors provide estimates of 
uncertainty around their cost values that could take the form of confi-
dence intervals, sensitivity analyses, or scenario analyses that consider 
different assumptions in calculations. This would help data users un-
derstand the range of potential costs and the factors that contribute to 
uncertainty. Third, where possible, audited financial accounts of actual 
expenditures on invasive alien species management should be used to 
help increase the precision of cost estimates but also give greater con-
fidence in the derivation of these data themselves. This seems particu-
larly important for non-peer-reviewed official government reports. 
These recommendations likely hold more widely since here is no reason 
to believe that other large compilations of ecological data on monetary 
costs, such as those quantifying ecosystem services, would be any less 
likely to show similar departures from Benford’s Law. Forensic ac-
counting, once the domain of financial auditors, would appear to be 
equally relevant to assessing the reliability of environmental data. 

5. Conclusions 

An integrated approach testing first-, second- and leading double- 
digit distributions against null expectations from Benford’s Law pro-
vides an objective and repeatable approach to assessing irregularities in 
cost estimates of environmental degradation. Using estimates of global 
costs of biological invasions as an example, it is evident that there can be 
quite large departures from null expectations. Detecting these irregu-
larities using Benford’s Law should become a standard basis for thor-
ough auditing and quality assurance of large environmental datasets. 
These results also point to the absence of agreed data standards for the 
estimation of costs of the management or damage arising from invasive 
alien species and this limits the traceability of estimates and their 
comparability. Benford’s Law can be used to pinpoint questionable 
sources that can then be examined in further detail and if necessary, 
rejected. The considerable efforts to date in collating reported estimates 
of costs of invasive alien species highlight the importance of obtaining 
accurate values to better inform policymakers and other stakeholders of 
the risk posed by biological invasions and the need to implement ap-
proaches that reduce these threats and mitigate their impacts. 
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