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Abstract
The range size of species co-occurring in local assemblages is a pivotal variable in assess-
ments of a site’s conservation value. Assemblages featuring many small-ranged species are 
given more priority than assemblages consisting mainly of wide-ranging species. However, 
the assembly of relevant information can be challenging and local range size distributions 
of tropical invertebrates are rarely available for conservation planning. We present such 
data for sphingid moths in East Africa, a highly diverse region of high conservation value. 
We compare geographic range size distributions based on field samples with predictions 
from modelled range map data. Using this system as a case study, we provide evidence 
for a systematic sampling bias when inferring average local range sizes from field data. 
Unseen species (i.e., species present but missed in local sampling) are often those with 
small ranges (hence, of high conservation value). Using an elevational gradient, we illus-
trate how this bias can lead to false, counterintuitive assessments of environmental effects 
on local range size distributions. Furthermore, with particular reference to sphingid moths 
in the study region, we show that current protected areas appear unrelated to the spatial dis-
tribution of species richness or average geographic range sizes at a local scale. We discuss 
the need to treat field sampled data with caution and in concert with other data sources 
such as probabilistic models.
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Introduction

Assessing a landscape’s conservation value is a relevant step in prioritizing resources to 
those regions where conservation efforts are most useful (Mace et al. 2007). While spe-
cies richness, the simplest measure of biodiversity, is often used for this purpose, there is a 
variety of approaches that aim to incorporate uniqueness, endemism, risk of extinction, or 
related features of assemblages (e.g., biodiversity hotspots, Mittermeier et al. 2011; IUCN 
red lists, Rodrigues et al. 2006; see also Crisp et al. 2001; Wilson et al. 2006; Bottrill et al. 
2009; Beck et al. 2011). The geographic range size of the species involved is a pivotal vari-
able in such assessments. Small-ranged species (often loosely termed ‘endemics’) make a 
unique contribution to local assemblages because they are found and can be protected at 
only a few other sites. Furthermore, range size is a species property that is strongly and 
inversely linked to extinction risk (Thomas et al. 2004; Harris and Pimm 2008). This may 
be particularly relevant in tropical conservation, where species’ ranges are often smaller 
than at northern latitudes (Orme et al. 2006; McCain 2009; Grünig et al. 2017). With cur-
rent aims of standardizing global biodiversity data availability for conservation assess-
ments (e.g., ‘essential biodiversity variables’; Geijzendorffer et  al. 2016), it is timely to 
investigate potential problems in distilling reliable local range size distribution data for 
conservation from field sampling.

Undersampling (i.e., incomplete observations of the species occurring at a site) is a 
notorious issue in biodiversity field studies, particularly in tropical invertebrates or other 
species-rich assemblages (Coddington et  al. 2009). Undersampling of species richness 
has been broadly recognized as a problem, and manifold attempts for control or mitigation 
have been devised (Colwell and Coddington 1994; Beck and Schwanghart 2010; Iknayan 
et al. 2014). However, undersampling may introduce an even stronger bias to the observed 
occurrences of small-ranged species in particular. The reasoning for this hypothesis is as 
follows: A positive range-abundance relationship has been empirically well-supported (i.e., 
species’ local abundance correlates with their geographic range size; Brown 1984; Brown 
et al. 1996a, b; Gaston et al. 1997; in tropical moths: Beck et al. 2006; but see Novosolov 
et al. 2017 for conflicting analyses) even though it is mechanistically poorly understood. 
Assuming the generality of the pattern, this implies that small-ranged species are typically 
also locally rare, and locally rare species are more likely to be overlooked in local inven-
tories than locally abundant, hence widely ranging species. This will lead to a systematic 
overestimation of the average range sizes calculated for an assemblage, hence providing an 
underestimation of the conservation value of the assemblage and site. The central aim of 
our study is to test this prediction.

Sphingid moths are large, mostly nocturnal Lepidoptera that have become a model taxon 
for the study of the geographical ecology of invertebrates (Beck et al. 2006; Ballesteros-
Mejia et al. 2017; Grünig et al. 2017), being the only insect taxon for which detailed range 
estimates exist for many tropical regions of the world. Several studies suggested that the 
East African fauna harbors not only high sphingid richness and turnover (Ballesteros-Mejia 
et al. 2013, 2017), but also particularly high proportions of small-ranged species (Grünig 
et al. 2017; see also Burgess et al. 2007).

Here we investigate the local range size distribution and richness of sphingid moths 
occurring across Tanzania and Zambia. We mapped richness and range sizes across these 
two countries and relate these to the location of protected areas. Range map data were uti-
lized in comparison to field collections to investigate and illustrate the predicted sampling 
effects on potential range size biases.



3535Biodiversity and Conservation (2018) 27:3533–3544 

1 3

As an example of a steep environmental gradient with potential effects on range sizes 
we used the elevational variation in our study region. Many empirical studies have shown 
that, in tropical and subtropical regions, high elevation communities feature smaller aver-
age geographic range sizes compared with lowland communities (e.g., birds, Orme et al. 
2006; amphibians, Whitton et al. 2012; sphingid moths, Grünig et al. 2017). This is con-
sistent with the theoretical reasoning that aseasonal, tropical highlands feature unique cli-
mates and habitats that are restricted to small areas, which limits the range sizes of tropical-
montane organisms (Janzen 1967; Hawkins and Diniz-Filho 2006). We therefore expect a 
decline in median geographic range sizes with increasing elevation of sites in our tropical 
samples. A review by Brown et al. (1996a, b) proposed the opposite pattern, but their ref-
erences for terrestrial organisms are either exclusively from temperate zones or they refer 
to the elevational extent of species as ‘range’; note that we refer here and throughout the 
manuscript to geographical (or horizontal) range size, not elevational range size.

To test our hypotheses, we first show that field samples are undersampled by testing the 
prediction that field sampled richness is lower than range-map derived richness, and that 
this is related to sampling effort (number of nights, sampled individuals). We then test pre-
dictions of our hypothesis that small-range species are selectively undersampled, specifi-
cally: (a) local median ranges based on field samples are larger than those based on range 
map data; (b) species that were not found in field samples but expected from range maps 
have smaller ranges than the species found in field samples; and (c) sample completeness 
(the ratio of found/expected species) is related to the overestimation of median range size 
assessments from field data, compared to range map data. We use the geographic range 
size distribution along an elevational gradient to illustrate the differences in conclusions on 
environment-range size relationships drawn from different data sources (i.e., field vs. range 
map data).

Methods

Range estimates for sphingid species were available for all African species at 5 km grain 
size (Ballesteros-Mejia et al. 2017). These estimates were based on a large compilation of 
specimen records, which were input for climate- and vegetation-based species distribution 
models (SDMs) that were subsequently expert-edited for dispersal limitation (specimen 
records and range maps can be accessed on the Map of Life, www.mol.org). We calculated 
geographic range sizes for each species (in  km2) from these maps. These range sizes were 
used for all further analyses of the average range sizes of local assemblages, either based 
on field sampled data or on range map predictions.

Field sampling was carried out at 56 sites (Fig. 1) between 2010 and 2014 by combined 
light and bait trapping. Moths were hand-sampled from a tent-like trap lit by a 125 W mer-
cury-vapor bulb. Traps were active for 11 h per night (1800–0500 h). Light trapping is the 
standard field method for nocturnal Lepidoptera (Beck and Linsenmair 2006; Truxa and 
Fiedler 2012). Specimens arriving at the lighted trap were captured and collected except if 
they were of the most widespread and common species, of which only one or two vouch-
ers were collected per site (i.e., there was no quantitative sampling). Furthermore, carrion-
baited butterfly traps (Holloway et al. 2013) were operated at night, which sampled some 
of the rarest sphingid species. Trapping effort (number of nights) differed between sites 
depending on logistics (Online Resource 1), with most sites being sampled both at the 
beginning and the end of the rainy season. Collected specimens were prepared according 

http://www.mol.org
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to standard entomological procedures, and identified according to latest taxonomic under-
standing (http://sphin gidae .myspe cies.info/). Notably, these field samples were not part of 
the data compilation used for the SDMs, hence each dataset was fully independent (indeed, 
two species were found outside their SDM-predicted ranges). A checklist of the species 
collected at the various sites is in preparation for publication.

As taxonomic understanding is continually developing, there were some discrepancies 
in the taxonomic definitions of the range map data (based on 2011 nomenclature) and the 
newer definitions for field sample identifications. To make the datasets comparable we gen-
erally disregarded subspecies assignments, and we reassigned the currently valid taxa Tem-
nora fuscata and T. neodentata to the older T. plagiata (sensu lato), Theretra dominika to 
T. jugurtha s.l., and Lophostethus morettoi to L. dumolinii s.l. designations. These changes 
did not influence richness measures, but allowed comparisons of species-specific range 
sizes. Point locality data from these field samples were integrated into the latest version 
of our global specimen record database and can be viewed at Map of Life (www.mol.org).

We measured species richness as the sum of species observed at light and bait traps (for 
field samples; Sfield) or predicted to occur from SMDs in the corresponding 5 × 5 km pixel 
(for range map data; SSDM). Thus, there is a potential scale effect (i.e., local trap vs. 5 km-
pixel), but given the very high mobility of flying sphingids (Beck and Linsenmair 2006) we 
assume this to be no source of error. We calculated the median of range sizes for all species 
co-occurring at a site, respectively in a 5 km pixel. Low median range values indicate the 
presence of many small-ranged species, hence a high conservation value of an assemblage. 
We compare mapped species richness and median range sizes across Tanzania and Zambia 
to each other and to GIS layers of protected areas for these countries (source: https ://www.
prote ctedp lanet .net/; using all IUCN categories of protected areas).

We used the number of sampling nights as a measure of sampling effort. We meas-
ured sample completeness as Sfield/SSDM, where Sfield is the species richness of field samples 
and SSDM is the species richness computed from SDM-based range maps. Incomplete field 
inventories are indicated by Sfield/SSDM < 1.

We compared median local range sizes based on the species found in field sam-
ples (Rangefield) with median local range sizes in 5  km-pixels from SDM-predictions 

CBA

105

1

3.0 x 107

9.5 x 103

Species Median range [km2]
Eleva�on [m]

<500
<1000
<1500
<2000
2000-5700

Protected 
areas

+ Sites

Tanzania

Zambia

Fig. 1  a Location of 56 field sampling sites in East Africa (national boundaries are shown for orientation), 
elevations in the research region and location of protected areas. b Species richness based on SDM-derived 
range maps (SSDM). c Median range of co-occurring species based on SDM-derived range maps (RangeSDM). 
Small median ranges (warm colours, dark in greyscale figure) indicate high conservation value. Raster 
maps are available in GIS-compatible format (Online Resources 2, 3)

http://sphingidae.myspecies.info/
http://www.mol.org
https://www.protectedplanet.net/
https://www.protectedplanet.net/


3537Biodiversity and Conservation (2018) 27:3533–3544 

1 3

(RangeSDM). Furthermore, as a more specific test of our hypothesis, we compared the 
median range size in field samples (Rangefield) with the median range of the (SDM-
expected) species that were not found at a site. We expected the latter to have a smaller 
median range value than the former. We used paired t tests on log-transformed data (non-
parametric Wilcoxon tests on untransformed data led to identical conclusions). We assessed 
the similarity of median range sizes of assemblages by calculating Rangefield/RangeSDM, 
where Rangefield/RangeSDM > 1 indicates that some small-ranged species were missed in 
the field samples. We expected an inverse relationship of Rangefield/RangeSDM and Sfield/
SSDM; with increasingly incomplete species inventories, median range sizes of assemblages 
should be overestimated.

We illustrate the potential effect of undersampling issues on geographic range size data 
by relating median range size data to a major environmental gradient, elevation. Specifi-
cally, we plotted median geographic range sizes from field samples and from range map 
predictions against the elevation of sites and tested whether they recover the same relation-
ship. To account for effects of spatial non-independence of these geographical data (Dor-
mann et al. 2007; Bini et al. 2009), we adjusted degrees of freedom in statistical tests (spa-
tial correlation with corrected degrees of freedom,  dfcorr; Dutilleul 1993; software: SAM, 
Rangel et al. 2010).

We provide details on field site richness and median geographic range sizes (Online 
Resource 1) as well as comprehensive maps of richness and median range size for the two 
countries (GIS-compatible format; Online Resources 2, 3).

Results

Across Tanzania and Zambia, light and bait trapping field data for 56 sites (Fig. 1a) yielded 
2206 individuals and 122 species of sphingid moth (after nomenclature adjustments, see 
“Methods”). However, 204 species were expected to occur in those countries according to 
SDM-derived range maps. From GIS-derived range maps we have data for 65,736 raster 
cells of 5 × 5 km extent for the two countries.

Range map-derived species richness and median geographic range sizes follow quite 
different geographic patterns (Fig.  1b, c). While richness is distinctively higher in the 
northern part of the research area (e.g., Tanzania median richness per cell = 63; Zam-
bia = 41), regions of small median range size (i.e., many geographically restricted species) 
also stretch south along the mountain ranges into Zambia. Contrastingly, the western plains 
along the Zambesi river feature mainly large range sizes (i.e., mostly widespread species 
are predicted to occur there). Species richness and median range sizes are inversely, but not 
very strongly correlated (range map data; Pearson’s r = − 0.290).

Values for sphingid moth range sizes and richness based on SDM maps are almost 
equal with regard to the location of protected areas (i.e., no significant differences within 
and outside protected areas). Median assemblage range size inside protected areas 
 (Median[upper,lower quartile], in  106  km2: 4.73[4.12,5.52]) is not significantly different than outside 
protected areas (4.71[4.14,5.52]) and per cell species richness inside protected areas  (54[40,63]) 
is not different than outside protected areas  (56[43,67]). This finding is also upheld in sepa-
rate analyses for the two countries (Tanzania: richness within protected areas  61[56,67], 
outside  64[57,62], range within protected areas 4.79[4.11,5.02], outside 4.71[4.14,5.01]; Zambia: 
richness within protected areas  38[34,44], outside  41[35,50], range within protected areas 
4.71[4.14,5.85], outside 4.71[4.14,5.71]). For local sampling data, richness and range sizes are 
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also similar between protected (N = 30 sites; richness = 7.5[5,15], range = 5.82[3.98,8.68]) and 
unprotected areas (N = 26; richness = 9.5[6,18], range = 4.91[4.15,7.55]). Given the broad over-
lap in quartiles and not even a non-significant trend in the direction of the expected pat-
terns we refrained from more detailed statistical testing.

Local sampling effort per site ranged between 1 and 27 nights, the number of captured 
moths between 2 to 231 individuals, and observed richness (Sfield) between 2 and 54 spe-
cies; all three measures are significantly correlated to each other (Online Resource 1). 
Sampling effort, in particular, explained over half of the variation of observed species rich-
ness and of sample completeness (Sfield/SSDM; Fig. 2a; N = 56,  r2 = 0.544, p < 0.001), which 
indicates that observed richness is heavily affected by undersampling.

We had predicted that undersampling specifically excludes small-ranged spe-
cies, which was supported by data. First, local median range sizes based on SDM data 
(median = 4.3 × 106  km2) are smaller than those based on field data (median = 5.0 ×  106 
 km2; paired t test of  log10-transformed data: t = − 2.6, df = 55, p = 0.012). Second, locally 
collected species had larger geographic ranges than those species that were expected at the 
sites (according to range maps) but which were not caught in the field (presumably due 
to undersampling; Fig. 2b). A paired t-test on  log10-transformed median ranges supports 
that this difference is not due to random variation (t = 2.93, df = 55, p = 0.005). Species 
expected but not found in the field have a ca. 20 percent smaller median range size than 
the observed species. However, we did not find a correlation of sample completeness (Sfield/
SSDM) and the similarity of local range assessments (Rangefield/RangeSDM; Fig. 2c), our third 
prediction (correlation of  log10-transformed ratios:  r2 < 0.01, p = 0.941). Thus, incorrect 
assessments in local range distributions are not only due to undersampling but may have 
further causes (see “Discussion”).

The expected decline of median geographic range size with elevation was supported 
in SDM-based range map data (Fig. 3; spatial correlation: N = 56, Pearson’s r = − 0.539, 
 dfcorr = 11.8, p = 0.049). However, field data indicated the opposite pattern (r = 0.633, 
 dfcorr = 13.1, p = 0.011). There was no significant elevational pattern in sampling effort 
(r < 0.02).

Discussion

With our East African sphingid moth case study, we illustrated the existence of an under-
sampling bias in field-sampled data with regard to the geographic range size assessments 
which are crucial aspects of conservation evaluations. Our results confirmed the hypoth-
esized effect of undersampling on range size assessments for sphingid moth assemblages. 
Missed species (i.e., those not found in the field but expected from estimated range maps) 
featured significantly smaller ranges than those species that were common enough to be 
actually found. Field sampling might therefore underestimate the conservation value of 
local assemblages if species inventories are incomplete. We illustrated how the discrep-
ancy of field-sampled and range map-derived range data lead to significant yet opposite 
assessments of the elevational pattern of geographic range size, with range map-derived 
data following the theoretical expectation of a decline. There may be disagreement on this 
expectation (see references in "Introduction"), but in any case, conclusions from the two 
data sources differ significantly from one another. The discrepancy between datasets exem-
plifies the potential for misjudgment due to undersampled data. These findings are con-
sistent with deductions from assuming a general range-abundance relationship in species 
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communities—species with smaller geographic range sizes are also likely to be less abun-
dant (Brown 1984; Brown et al. 1996a, b; Gaston et al. 1997; Beck et al. 2006). There is no 
reason to believe that this is a taxon-specific or regional effect, so it raises concerns about 
the general reliability of field data for assemblage-wide range size assessments.

The interpretation and relevance of our results rests on the assumption that SDM-
derived range map data are sufficiently close to the “truth” that they can be used to judge 
the accuracy of field samples. However, range maps themselves are estimates that may 

Fig. 2  a Sampling effort (number 
of sampling nights) is strongly 
related to sample completeness 
(i.e., the ratio of field-sampled 
species richness  (Sfield) and 
range map-derived species rich-
ness  (SSDM)). The dashed line 
indicates the expected value if 
no undersampling occurred. b 
Median range sizes of assem-
blages found in 56 field samples 
are significantly larger than 
median range sizes of species not 
found, but expected from range 
maps. c Relationship between 
sample completeness  (Sfield/
SSDM) and the ratio of field-
derived  (Rangefield) and range 
map-derived median ranges 
 (RangeSDM) in local assemblages 
(i.e., undersampling bias in 
median range assessments). Data 
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contain error (this is true of all range maps for all taxa, modelled or expert-drawn), which 
may be viewed as a caveat to this study. For example, field sampling provided confirmed 
records for two species (Hypaedalea neglecta, Pseudenyo benitensis) outside their esti-
mated ranges. Despite this, we judge range map data as much more accurate (regarding 
inventory completeness) than field samples for the following reasons. (1) Range maps have 
been tested and vetted on different levels, from individual, numeric SDM quality metrics 
through species-specific expert opinions to tests of emergent data such as species richness 
(Ballesteros-Mejia et al. 2017). (2) Field data clearly suffer from undersampling (Fig. 2a). 
Observed species richness variation is heavily affected by sampling effort and by the num-
ber of individuals collected (Online Resource 1; similar figures were found in other field 
data of this type, e.g. Beck and Chey 2008). We therefore know that many field sites were 
incompletely sampled. (3) The empirical results found in our study match sound deductions 
from previously well-established knowledge (i.e., a positive range-abundance relationship). 
In light of this, we feel confident that it is valid to interpret range maps as “true” and field 
data as “biased” in this study. However, we acknowledge that our prediction of higher devi-
ation between field- and map-derived range data with heavier undersampling (low  Sfield/
SSDM; Fig.  2c) was not met significantly, and that the observation of highest deviations 
occurring at the most heavily undersampled sites (when plotting non-transformed ratios, 
not shown) is probably rather an effect of higher data variance with small field samples.

Despite our overall assessment of reliable range map data, it is important to note that 
range maps may generally overestimate species’ presence to varying degrees depending on 
grain size (Rahbek 2005; Jetz et al. 2008; but note the relatively fine grain (5 km) used in 
our analyses). Furthermore, if such overestimates would hypothetically be biased towards 
small-range species (which is a theoretical possibility but for which we have no indication), 
we could expect similar empirical patterns as observed. However, for reasons outlined 
above we judge this a very unlikely artefact possibility. Generally, but not addressed by our 
study, geographic range data are notoriously difficult to assess and verify due to temporal 
instability at range edges in particular (Gaston 1996) or due to artefacts of unsuitable sam-
pling methods (which may make some species appear rarer than they are).

Field sampling versus probabilistic modeling

Our study has shown that incomplete field sampling of biodiversity can lead to false assess-
ments of a highly relevant aspect of conservation value of the sampled assemblages, i.e., 

Fig. 3  Assemblages’ median 
range size along the elevation 
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and Zambia). While range-
map derived data (RangeSDM) 
indicates a significantly declining 
pattern, field-samples (Rangefield) 
lead to the opposing conclusion
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their geographic range size distribution. Incomplete sampling is a major issue in tropical 
invertebrate studies in particular (Coddington et  al. 2009). While its effect on richness 
assessments have been thoroughly appreciated and various approaches to correction have 
been proposed and are increasingly applied (Colwell and Coddington 1994; Beck and 
Schwanghart 2010; Iknayan et al. 2014), there are currently no simple numerical solutions 
to more subtle undersampling effects such as the one treated here. Among field ecologists 
and conservation biologists there is substantial skepticism towards probabilistic model-
ling of species ranges (Elith and Leathwick 2009), which seems supported by the huge 
amount of literature discussing potential error, biases, mis-implementation or misinterpre-
tations of such approaches (e.g., Qiao et al. 2015). Equally, however, the inherent error in 
supposedly ‘solid’ field data must be challenged, not only with regard to species richness 
but also to more refined aspects of biodiversity, such as range size distributions (as shown 
here). Increased awareness of this issue is necessary among field ecologists and conserva-
tion biologists. In the absence of any easy fix for these problems, we advocate multiple 
approaches (e.g., consensus among field data and range estimates) and an acknowledge-
ment of the tentative nature of empirical findings unless re-tested and confirmed repeatedly.

Range size distributions and conservation in East Africa

Species richness and median range sizes of sphingid moth assemblages, as measured from 
range map data, did not follow the same pattern across Tanzania and Zambia, hence they 
capture different aspects of ‘conservation value’. For maximum effectiveness, protected 
areas should ideally contain assemblages of lower median range size (i.e., higher portion 
of range-restricted species) and of higher species richness compared to unprotected areas. 
However, reserve placement across our research region appears to be unrelated to such data 
for sphingid moths: richness and median range sizes were almost equal within and outside 
protected areas. Conservation policy is obviously a difficult process affected not only by 
ecological reasoning, but also by economic, societal and political factors. It remains to be 
tested in a similar manner for other taxa, such as plants and vertebrates, whether protected 
area locations in the research region fulfill conservation expectations (e.g., Brooks et  al. 
2001). This will help refine our assessment and, more importantly, help improve future 
reserve design. To this end, we make our GIS data for this region fully available (Online 
Resources 2, 3). Different taxonomic groups, as well as different aspects of biodiversity or 
other metrics of ‘conservation value’, may likely indicate different priority regions (e.g., 
Schulze et al. 2004; Wolters et al. 2006; Grenyer et al. 2006; Beck et al. 2013). Consensus 
methods, or clear criteria for what is to be protected in a particular region, will then be 
required for objective decision making.

In conclusion, we confirmed a disproportionate undersampling bias on small-ranged 
species in field data, which may distort assessments of the conservation value. We showed 
that it can lead to different, probably false, ecological inferences when analyzing geo-
graphic range size distributions along an elevational gradient, in comparison to model-
based data. While such effects may be widespread across taxa and regions, it is highly 
probable in all field study systems known to be vulnerable to undersampling, such as tropi-
cal invertebrates. We argue that field data should not be treated as ‘solid’ but met with 
appropriate skepticism, and that confirmation of relevant patterns should be sought by 
additional, alternative methods, such as probabilistic modelling.

Acknowledgements HT would like to thank Richard Smith, chairman of the African Natural History 
Research Trust (Leominster, UK), without whom none of the field expeditions would have been possible. 



3542 Biodiversity and Conservation (2018) 27:3533–3544

1 3

We are grateful to Dr Victor Kakengi at the Tanzania Wildlife Research Institute (Arusha, Tanzania) and 
Edwin Matokwani, former Director General at the Zambia Wildlife Authority (Chilanga, Zambia) for issu-
ing the relevant documentation to undertake the research. We thank Richard Field and Vanessa Cutts for 
their constructive review of an earlier draft of the manuscript. The modelling of species ranges was financed 
in parts by a Swiss National Science Foundation grant (SNF, 3100AO_119879) to JB.

References

Ballesteros-Mejia L, Kitching IJ, Jetz W, Nagel P, Beck J (2013) Mapping the biodiversity of tropical insects: 
species richness and inventory completeness of African sphingid moths. Glob Ecol Biogeogr 22:586–595

Ballesteros-Mejia L, Kitching IJ, Jetz W, Beck J (2017) Putting insects on the map: near-global variation in sph-
ingid moth richness along spatial and environmental gradients. Ecography 40:698–708

Beck J, Chey VK (2008) Explaining the elevational diversity pattern of geometrid moths from Borneo: a test of 
five hypotheses. J Biogeogr 35:1452–1464

Beck J, Linsenmair KE (2006) Feasibility of light-trapping in community research of moths: attraction radius of 
light, completeness of samples, nightly flight times and seasonality of Southeast-Asian hawkmoths (Lepi-
doptera: Sphingidae). J Res Lepidopt 39:18–36

Beck J, Schwanghart W (2010) Comparing measures of species diversity from incomplete inventories: an 
update. Methods Ecol Evol 1:38–44

Beck J, Kitching IJ, Linsenmair KE (2006) Extending the study of range-abundance relations to tropical insects: 
sphingid moths in Southeast-Asia. Evol Ecol Res 8:1–14

Beck J, Schwanghart W, Chey VK, Holloway JD (2011) Predicting geometrid moth diversity in the Heart of 
Borneo. Insect Cons Divers 4:173–183

Beck J, Pfiffner L, Ballesteros-Mejia L, Blick T, Luka H (2013) Revisiting the indicator problem: can three epi-
gean arthropod taxa inform about each other’s biodiversity? Divers Distr 19:688–699

Bini LM, Diniz-Filho JAF, Rangel TFLVB, Albuquerque FS, Araújo MB, Baselga A, Beck J, Bellocq MI, Böh-
ning-Gaese K, Borges PAV, Cabrero-Sañudo FJ, Castro-Parga I, Chey VK, De Marco P, Ferrer-Castán D, 
Field R, Filloy J, Fleishman E, Gómez JF, Greve M, Guil N, Hortal J, Iverson JB, Kerr JT, Kissling D, 
Kitching IJ, León-Cortés JL, Levi C, Lobo JM, Oberdorff T, Olalla-Tárraga MÁ, Pausas JG, Qian H, Rah-
bek C, Rodríguez MÁ, Ruggiero A, Sackman P, Sanders NJ, Williams P, Hawkins BA (2009) Coefficient 
shifts in geographical ecology: an empirical evaluation of spatial and non-spatial regression. Ecography 
32:193–204

Bottrill MC, Joseph LN, Carwardine J, Bode M, Cook C, Game ET, Grantham H, Kark S, Linke S, McDonald-
Madden E, Pressey RL, Walker S, Wilson KA, Possingham HP (2009) Is conservation triage just smart 
decision making? Trends Ecol Evol 23:649–654

Brooks T, Balmford A, Burgess N, Hansen LA, Moore J, Rahbek C, Williams P, Bennun LA, Byaruhanga A, 
Kasoma P, Njoroge P (2001) Conservation priorities for birds and biodiversity: do East African important 
bird areas represent species diversity in other terrestrial vertebrate groups. Ostrich 15:3–12

Brown JH (1984) On the relationship between abundance and distribution of species. Am Nat 124:255–279
Brown JH, Stevens GC, Kaufman DM (1996a) The geographic range: size, shape, boundaries, and internal 

structure. Ann Rev Ecol Syst 27:597–623
Brown JH, Stevens GC, Kaufman DM (1996b) The geographic range: size, shape, boundaries, and internal 

structure. Ann Rev Ecol Syst 27:597–623
Burgess ND, Butynski TM, Cordeiro NJ, Doggart NH, Fjeldså J, Howell KM, Kilahama FB, Loader SP, Lovett 

JC, Mbilinyi B, Menegon M, Moyer DC, Nashanda E, Perkin A, Rovero F, Stanley WT, Stuart SN (2007) 
The biological importance of the Eastern Arc mountains of Tanzania and Kenya. Biol Cons 134:209–231

Coddington JA, Agnarsson I, Miller JA, Kuntner M, Hormiga G (2009) Undersampling bias: the null hypothesis 
for singleton species in tropical arthropod surveys. J Anim Ecol 78:573

Colwell RK, Coddington JA (1994) Estimating terrestrial biodiversity through extrapolation. Phil Trans Roy 
Soc (B) 345:101–118

Crisp MD, Laffan S, Linder HP, Monro A (2001) Endemism in the Australian flora. J Biogeogr 28:183–198
Dormann CF, McPherson JM, Araújo MB, Bivand R, Bolliger J, Carl G, Davies RG, Hirzel A, Jetz W, Kissling 

WD, Kühn I, Ohlemüller R, Peres-Neto PR, Reineking B, Schröder B, Schurr FM, Wilson R (2007) Meth-
ods to account for spatial autocorrelation in the analysis of species distributional data: a review. Ecography 
30:609–628

Dutilleul P (1993) Modifying the t test for assessing the correlation between two spatial processes. Biometrics 
49:305–314

Elith J, Leathwick JR (2009) Species distribution models: ecological explanation and prediction across space 
and time. Ann Rev Ecol Evol Syst 40:677–697

Gaston KJ (1996) Species-range size distributions: patterns, mechanisms and implications. Trends Ecol Evol 
11:197–201



3543Biodiversity and Conservation (2018) 27:3533–3544 

1 3

Gaston KJ, Blackburn TM, Lawton JH (1997) Interspecific abundance range size relationships: an appraisal of 
mechanisms. J Anim Ecol 66:579–601

Geijzendorffer IR, Regan EC, Pereira HM, Brotons L, Brummitt N, Gavish Y, Haase P, Martin CS, Mihoub J-B, 
Secades C, Schmeller DS, Stoll S, Wetzel FT, Walters M (2016) Bridging the gap between biodiversity 
data and policy reporting needs: an essential biodiversity variables perspective. J Appl Ecol 53:1341–1350

Grenyer R, Orme CDL, Jackson SF, Thomas GH, Davies RG, Davies TJ, Jones KE, Olson VA, Ridgely RS, 
Rasmussen PC, Ding TS, Bennett PM, Blackburn TM, Gaston KJ, Gittleman JL, Owens IPF (2006) 
Global distribution and conservation of rare and threatened vertebrates. Nature 444:93–96

Grünig M, Beerli N, Ballesteros-Mejia L, Kitching IJ, Beck J (2017) How climatic variability is linked to the 
spatial distribution of range sizes: seasonality versus climate change velocity in sphingid moths. J Bioge-
ogr 44:2441–2450

Harris G, Pimm SL (2008) Range size and extinction risk in forest birds. Cons Biol 22:163–171
Hawkins BA, Diniz-Filho FJA (2006) Beyond Rapoport’s rule: evaluating range size patterns of New World 

birds in a two-dimensional framework. Glob Ecol Biogeogr 15:461–469
Holloway JD, Barlow HS, Hok KL, Chey VK (2013) Sweet or savoury? Adult feeding preferences of Lepidop-

tera attracted to banana and prawn baits in the Oriental tropics. Bull Zool 29:71–90
Iknayan KJ, Tingley MW, Furnas BJ, Beissinger SR (2014) Detecting diversity: emerging methods to estimate 

species diversity. Trends Ecol Evol 29:97–106
Janzen DH (1967) Why mountain passes are higher in the tropics. Am Nat 101:233–249
Jetz W, Sekercioglu CH, Watson JEM (2008) Ecological correlates and conservation implications of overesti-

mating species geographic ranges. Cons Biol 22:110–119
Mace GM, Possingham HP, Leader-Williams N (2007) Prioritizing choices in conservation. In: MacDonald 

DW, Service K (eds) Key topics in conservation biology. Blackwell Publishing, Oxford, pp 17–34
McCain CM (2009) Vertebrate range sizes indicate that mountains may be ‘higher’ in the tropics. Ecol Lett 

12:550–560
Mittermeier RA, Turner WR, Larsen FW, Brooks TM, Gascon C (2011) Global biodiversity conservation: the 

critical role of hotspots. In: Zachos FE, Hable JC (eds) Biodiversity hotspots. Distribution and protection 
of conservation priority areas. Springer, Berlin, pp 3–22

Novosolov M, Rodda GH, North AC, Butchart SHM, Tallowin OJS, Gainsbury AM, Meiri S, Hurlbert A 
(2017) Population density–range size relationship revisited. Glob Ecol Biogeogr 26:1088–1097

Orme CDL, Davies RG, Olson VA, Thomas GH, Ding T-S, Rasmussen PC, Ridgely RS, Stattersfield AJ, Ben-
nett PM, Owens IPF, Blackburn TM, Gaston KJ (2006) Global patterns of geographic range size in birds. 
PLoS Biol 4:e208. https ://doi.org/10.1371/journ al.pbio.00402 08

Qiao H, Soberón J, Peterson AT (2015) No silver bullets in correlative ecological niche modelling: insights 
from testing among many potential algorithms for niche estimation. Methods Ecol Evol 6:1126–1136

Rahbek C (2005) The role of spatial scale and the perception of large-scale species-richness patterns. Ecol Lett 
8:224–239

Rangel TF, Diniz-Filho JAF, Bini LM (2010) SAM: a comprehensive application for spatial analysis in macro-
ecology. Ecography 33:46–50

Rodrigues ASL, Pilgrim JD, Lamoreux JF, Hoffmann M, Brooks TM (2006) The value of the IUCN red list for 
conservation. Trends Ecol Evol 21:71–76

Schulze CH, Waltert M, Kessler PJA, Pitopang R, Shahabuddin Veddeler D, Mühlenberg M, Gradstein SR, 
Leuschner C, Steffan-Dewenter I, Tscharntke T (2004) Biodiversity indicator groups of tropical land-use 
systems: comparing plants, birds and insects. Ecol Appl 14:1321–1333

Thomas CD, Cameron A, Green RE, Bakkenes M, Beaumont LJ, Collingham YC, Erasmus BFN, de Sique-
ira MF, Grainger A, Hannah L, Hughes L, Huntley B, van Jaarsveld AS, Midgley GF, Miles L, Ortega-
Huerta MA, Peterson AT, Phillips OL, Williams SE (2004) Extinction risk from climate change. Nature 
427:145–148

Truxa C, Fiedler K (2012) Attraction to light—from how far do moths (Lepidoptera) return to weak artificial 
sources of light? Eur J Entomol 109:77–84

Whitton FJS, Purvis A, Orme CDL, Olalla-Tárraga MÁ (2012) Understanding global patterns in amphibian 
geographic range size: does Rapoport rule? Glob Ecol Biogeogr 21:179–190

Wilson KA, McBride MF, Bode M, Possingham HP (2006) Prioritizing global conservation efforts. Nature 
440:337–340

Wolters V, Bengtsson J, Zaitsev AS (2006) Relationship among the species richness of different taxa. Ecol-
ogy 87:1886–1895

https://doi.org/10.1371/journal.pbio.0040208


3544 Biodiversity and Conservation (2018) 27:3533–3544

1 3

Affiliations

Jan Beck1  · Hitoshi Takano2,4,5 · Liliana Ballesteros‑Mejia3 · Ian J. Kitching2 · 
Christy M. McCain1,6

1 University of Colorado, Museum of Natural History, Boulder, USA
2 Department of Life Sciences, Natural History Museum, London, UK
3 Sorbonne Universités, Muséum national d’Histoire naturelle, Paris, France
4 The African Natural History Research Trust, Leominster, UK
5 Department of Zoology, University of Oxford, Oxford, UK
6 Department of Ecology and Evolutionary Biology, University of Colorado, Boulder, USA

http://orcid.org/0000-0003-1170-4751

	Field sampling is biased against small-ranged species of high conservation value: a case study on the sphingid moths of East Africa
	Abstract
	Introduction
	Methods
	Results
	Discussion
	Field sampling versus probabilistic modeling
	Range size distributions and conservation in East Africa

	Acknowledgements 
	References




