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Abstract 16 

Forensic DNA analysis, used for the purposes of species, sex, individual, and geographic 17 

determination of wildlife is one of the most applied forensic techniques in wildlife crime 18 

investigations. However, in most other criminal investigations forensic DNA analysis refers 19 

to human DNA profiling for the purposes of identifying victims and/or perpetrators. The 20 

ability to recover human DNA profiles from the surfaces of wildlife  specimens, such as 21 

ivory or fur, opens up opportunities for identification of individuals involved in wildlife 22 

crimes in the absence of other evidence types. This study aimed to compare the 23 

effectiveness of four different human touch DNA recovery methods, cotton swabs, 24 

flocked swabs, foam swabs, and minitapes,  from the surfaces of a range of wildlife 25 

derivatives. Groups of four participants handled ivory, elephant skin, snake skin, conch 26 

shell, antler, and antelope fur. DNA was subsequently collected extracted, quantified, 27 

and profiled. Foam swabs, a non-traditional method of touch DNA recovery, recovered 28 

the highest average DNA concentrations and number of alleles across all specimen types 29 

acting as an effective cross-substrate recovery method. Flocked swabs performed as the 30 

second-best recovery method for all specimens except when sampling from antelope fur. 31 

Minitapes and cotton swabs showed comparatively poor performance during this study 32 

despite being the two most common DNA recovery techniques currently employed by 33 

law enforcement. Ivory yielded the highest average human DNA concentrations but 34 

paradoxically produced a significantly lower number of donor alleles.  Our results 35 

indicate fresh touch DNA deposits are recoverable from multiple wildlife specimens and 36 

recommend that attempted recovery of touch DNA should be a routine consideration by 37 

forensic practitioners during wildlife crime investigations.  38 

  39 



1. Introduction 40 

The application of forensic science has opened a wealth of opportunities to better understand 41 

and investigate wildlife crimes, including the illegal wildlife trade. Forensic disciplines such as 42 

veterinary pathology [1], ballistics [2], biometrics [3], DNA analysis [4], digital [5], and 43 

accounting [6] have all helped shed light on species and regions at high risk, which trade and 44 

financial routes are being exploited, and commonly utilised methods of trapping and killing. 45 

Forensic DNA analysis is used for the purposes of species, sex, individual, and geographic 46 

determination of wildlife and is one of the most applied techniques in this field of work. It has 47 

proven a key tool in positively assisting law enforcement in investigations, and organisations 48 

such as the Malawi government and TRACE network have invested substantial funding into 49 

developing laboratory infrastructure and expanding access to advanced molecular tools and 50 

techniques [7]. These efforts aim to enhance law enforcement’s ability to investigate and 51 

prosecute wildlife crime cases. However, the number of laboratories which actively contribute 52 

to wildlife forensic casework and meet the CITES criteria for inclusion in their database stands 53 

at just thirteen as of January 2025 [8]. Positively, ten of these are ISO 17025 accredited, the 54 

internationally recognised quality assurance standard of competency for units undertaking 55 

forensic analysis in a range of disciplines [9]. However, such a small international pool of high-56 

quality forensic resources is a limiting factor for an inherently global criminal activity such as 57 

the illegal wildlife trade (IWT). By comparison over 70 countries report the use of human 58 

forensic DNA analysis in criminal investigations or possess a national DNA database that 59 

profiles can be searched against [10].  60 

Though historically wildlife crime has been discussed within the context of ecological and 61 

environmental harms as our understanding of its nuances has broadened it is clear its impact 62 

travels far beyond these spheres. Wildlife crime has reportedly been linked to zoonotic disease 63 

risk [11], drugs and arms trafficking [12,13], terrorism, an increased risk of violence (both by 64 

and towards perpetrators [14]), and economic instability [15,16]. In addition stakeholders 65 

have cited weak, lacking, and mismanaged evidence as a limiting factor in the progression of 66 

prosecution and convictions in wildlife crime cases [17]. This has resulted in wildlife crime 67 

being perceived  as a “low risk, high reward” criminal activity. Therefore, it has become 68 

increasingly important to identify the players driving and facilitating these crimes and provide  69 

strong evidentiary links between wildlife crimes and other organised criminal activity to help 70 



aid in strengthening policy and increasing its prioritisation. Human involvement is a factor that 71 

transcends all crime types and human DNA profiling is  routinely used as a tool to identify both  72 

criminals and victims. As the accuracy and sensitivity of forensic DNA analysis has improved 73 

researchers have delved into the recovery of increasingly smaller amounts of DNA transferred 74 

through direct and indirect interactions with surfaces, known as “touch” or “trace” DNA  75 

[18,19]. The discovery of trace DNA has allowed for forensic identification of both humans 76 

and wildlife to take place in the absence of more traditional sample types such as blood, hair, 77 

or semen [20,21].  Single or multiple individuals may handle wildlife goods at varying stages 78 

of a criminal act and/or trade route. These stages may include, but are  not limited to, 79 

acquisition, transport, delivery, and purchase and all represent viable points of interception 80 

by law enforcement. Consequently, trace DNA becomes an informed candidate for targeted 81 

recovery from the surface of wildlife specimens and derivatives.  82 

The successful recovery of trace DNA can be affected by degradation, inhibition, time since 83 

deposition and  environmental factors [22]. The efficacy of a chosen recovery method is 84 

influenced by surface type characteristics such as porosity and texture [23] and experts often 85 

develop recommendations on most appropriate techniques based on commonly encountered 86 

evidence types such as glass, weapons and, clothing [24,25]. As a result of these 87 

recommendations jurisdictions across the globe have employed two key recovery techniques 88 

as their “go to” methods; these are the wet/dry cotton swab for non-porous materials, and 89 

minitapes for porous materials [26]. Several biological materials, including leather, ivory, 90 

reptile skin, and antlers have been described as either semi-porous or porous in nature [27–91 

31]. There are currently only a handful of publications in the literature which have 92 

investigated the recovery of trace DNA from the surface of wildlife items [32]. In these existing 93 

studies minitapes have been the chosen recovery method and have successfully been used to 94 

recover reportable DNA profiles from deer fur, corvid, buzzard, and hare carcasses [33,34]. 95 

These studies focused on single source DNA and specific scenarios however wildlife crimes, 96 

particularly related to trade, can be varied and complex, potentially involving multiple 97 

perpetrators and species in a single event. As such this work could benefit from expansion to 98 

introduce additional wildlife species, surface types, and mixed profiles. 99 

This study compares four trace DNA recovery methods to determine their effectiveness in 100 

retrieving mixed human DNA profiles from the surfaces of a range of wildlife specimens. 101 



Identification of an overarchingly effective technique could enhance human identification in 102 

wildlife crime investigations and support broader law enforcement collaboration against 103 

organised crime. 104 

2.  Materials & Methods 105 

2.1. Substrate preparation 106 

Three taxidermized,  snake skin, elephant skin, antelope fur, and three non-taxidermy, deer 107 

antler, conch shell, elephant ivory, wildlife items were selected as common representatives of 108 

wildlife goods involved in illegal trade and other wildlife crimes. Specimens were sourced from 109 

the Zoological Society of London Biobank archives [35] and exempt from the need for ethical 110 

approval. Each specimen’s sampling surface was divided into four equal size areas. A single 111 

example of each wildlife specimens was used due to limited availability. Each specimen was 112 

decontaminated  between sampling groups each specimen using DNA Away®. Control swabs 113 

were taken post decontamination and processed to confirm the absence of residual DNA. 114 

2.2. DNA transfer and experimental set up 115 

Forty participants of unknown shedder status were ethically recruited for this study (Liverpool 116 

John Moores University ethical approval reference 21/PBS/004) and randomly assigned to ten 117 

groups of four. Multiple depositors and resulting mixed DNA profiles simulated complex real-118 

world IWT supply chains. Buccal swabs were collected from each participant using Whatman™ 119 

buccal omni swabs. Participants refrained from handwashing for at least an hour before 120 

deposition but otherwise followed their normal routines. In each group session participants 121 

handled each specimen for one minute in a randomised manner, ensuring contact with all four 122 

marked sampling areas.  123 

2.3. DNA recovery 124 

Four recovery techniques were tested: MW104 cotton swab (SceneSafe™), 4520CS01 125 

flocked swab (Copan™), sterile foam swab (Whatman™), and minitapes (SceneSafe™). 126 

Sampling areas were randomized between groups to prevent handling bias. A wet-dry 127 

swabbing method using sterile water as the wetting agent was applied for all swabs. 128 

Swabbing techniques varied  by swab. Cotton swabs used a wet swab followed by a 129 

second dry swab and the two swabs combined for extraction; flocked and foam swabs 130 



used a single swab, with one wetted side followed by the dry side; minitapes were applied 131 

spiralling out from the centre until coverage or adhesion failure. Samples were stored at 132 

-20oC until extraction.  133 

DNA was extracted using the QIAmp DNA investigator kit (20µl final volume) and 134 

quantified with the  Qiagen Investigator Quantiplex Pro RGQ Kit on a Rotor-Gene Q 5-Plex 135 

HRM (40 cycles) following manufacturer protocols. Samples were analysed via Qiagen Q-136 

Rex software. Eleven of the 240 trace DNA samples failed  and were excluded from 137 

analysis. A sub-set of 48 samples, representing the two highest DNA yields per 138 

substrate/method, underwent STR profiling to confirm the presence of donor alleles. Of 139 

these 43 were successfully amplified (see Table 1 for N numbers of tested variables. )STR 140 

Amplification was carried out as per manufacturer-recommended guidelines using the 141 

Qiagen Investigator 24plex QS Kit (25µl reaction volumes, 30 cycles) on a SeqStudio™ 142 

Genetic Analyzer Instrument (applied BioSystems) with default fragment analysis and 143 

injection settings.  144 

Table 1. Count of successfully amplified sample types taken forward for DNA profiling, allele count and likelihood 145 
ration analysis. 146 

 Antler Conch Elephant skin Antelope fur Ivory Snake skin Total 

Cotton swab 2 2 1 2 2 2 11 
Flocked swab 2 2 2 2 2 2 12 
Foam swab 1 2 2 2 1 2 10 
Minitape 2 1 1 2 2 2 10 
Total 7 7 6 8 7 8  

 147 

2.4. Analysis 148 

To statistically assess the effects of experimental variables (i.e. recovery method and specimen 149 

type) on DNA concentration and number of alleles, Kruskal-Wallis and ANOVA tests were used, 150 

respectively.  151 

Profiles were analysed using GeneMapper ID-X and EuroForMix 4.0 [36] software. A 30 152 

RFU threshold was applied for allele calling and 15% for stutter detection. Minimum number 153 

of contributors (MNOC) was estimated using the maximum allele count (MAC) method. Any 154 

samples with a MNOC of 5 or greater were excluded from analysis using EuroForMix which 155 

has a suggested maximum capacity of four unknown contributors in a model. Likelihood ratios 156 

(LRs) for each person of interest (POI) were calculated in EuroForMix using parameters set by 157 



the in-built “Optimal quantitative LR” (automatic model search) function. LRs were converted 158 

to verbal qualifiers for ease of reporting using the scale produced by the European Network 159 

of Forensic Science Institutes [37]. Propositions followed recommendations by Buckleton et 160 

al. [38] and were repeated four times for each of the 43 samples rotating each group 161 

participant as the POI (Table 2).  162 

Table 2. Propositions taken into consideration in LR calculations, representing the positions of the prosecution (Hp) and 163 
defence (Hd). 164 

Hypothesis Description 

Hp (Prosecution) The DNA originated from the POI (1 of 4 possible depositing participants) 
and  𝑁 − 1 unknown contributors. 

  
Hd (Defence) The DNA originated from 𝑁 unknown contributors. 

 165 

3. Results 166 

3.1. Evaluation of DNA recovery by swab type 167 

Foam swabs yielded the highest average quantity of DNA, followed by flocked swabs, cotton 168 

swabs, and minitapes (Table 3). A Kruskal-Wallis test showed a significant difference between 169 

methods (KW = 27.23, df = 3, N = 229, p-value = 5.252e-06). Post hoc Wilcoxon tests with 170 

Bonferroni correction showed significant relationships between foam vs cotton (p-value = 171 

0.00026), foam vs minitape (p-value = 4.7e-06) and flocked vs minitape (p-value = 0.02) but 172 

not for other comparisons.  173 

Table 3. Mean (𝑥̅), median (M), and interquartile range (IQR) of DNA concentrations (pg/μl) recovered for each combination 174 
of specimen type and tested recovery method. 175 

 DNA yield (pg/μl) 

 x̅ M IQR 

Cotton swab 36.5 ± 75.9 12.5 30.8 
Flocked swab 75.9 ± 119.4 20.5 113.2 
Foam swab 145.4 ± 246.3 55.0 108.5 
Mini-tape 24.1 ± 49.2 6.9 20.8 

 176 

3.2. Evaluation of DNA recovery by specimen type 177 

Average DNA concentrations from trace DNA deposits were recovered in descending order 178 

from,  ivory (150.40 pg/μl, N = 38,), antler (90.20 pg/μl, N = 40,), conch (80.48 pg/μl, N = 39), 179 

snake skin (35.90 pg/μl, N = 38), elephant skin (34.84 pg/μl, N = 36,), and antelope fur 180 

(25.67pg/μl, N = 38). 181 

https://en.wiktionary.org/wiki/%CE%BCl


Foam swabs recovered the highest average DNA concentrations comparable to all other 182 

tested recovery methods for all wildlife specimens included in this study. A Kruskal-Wallis 183 

test found no significant difference in DNA yield between recovery methods for samples from 184 

antler KW = 0.42, df = 3, N = 40, p-value = 0.94), conch (KW = 6.5, df(3), N = 39, p-value = 0.09) 185 

or snake skin (KW = 7.7, df = 3, N = 38, p-value = 0.05).  A statistically significant difference was 186 

found in DNA yields between recovery methods for trace DNA samples taken from the 187 

surfaces of elephant skin (KW =  8.86, df = 3, N = 36, p-value = 0.03), antelope fur (KW = 12.858, 188 

df = 3, N = 38, p-value = 0.005) and elephant ivory (KW = 8.96, df = 3, N = 38, p-value = 0.03).   189 

Post hoc Wilcoxon tests with Bonferroni correction demonstrated significant differences in 190 

mean recovered DNA quantities between foam swabs and minitapes from the surfaces of 191 

elephant skin, antelope fur, and elephant ivory and for foam swabs and cotton swabs from the 192 

surfaces of antelope fur and elephant skin(Figure 1).  193 



 194 

Figure 1. Box and whisker plots of the distribution of DNA concentrations (pg/μl) recovered by each recovery 195 
method for individual specimen types. Results of Kruskal Walis tests between recovery methods are displayed in 196 
the top left corner for each specimen, along with corresponding statistically significant relationships identified 197 
through post-hoc testing.  198 

 199 

 200 

 201 



3.3. STR profiling 202 

Across all profiled samples, foam swabs recovered the highest average number of alleles (69 203 

± 19), followed  by cotton (60 ± 20) and flocked (60 ± 30), and minitapes (46 ± 30). An ANOVA 204 

test found a significant difference in number of alleles recovered from specimens (F(5, 37) = 205 

3.50, p-value = 0.011). Post hoc testing using ivory as a control group revealed a significantly 206 

lower number of alleles recovered from ivory, comparable to antler and antelope fur (Figure 207 

2). 208 

 209 

Figure 2. Box and whisker plots showing the distribution of allele counts recovered from individual specimen 210 
types. P-value of an ANOVA test between specimen types is displayed in the top left corner along with statistically 211 
significant  relationships identified through posthoc testing using ivory as a control group.  212 

 213 

All amplified samples exhibited electropherograms with downward slopes characteristic of 214 

DNA degradation. Internal PCR control analysis indicated potential PCR inhibition in 33% (14) 215 

of the 43 amplified samples. The expected MNOC of four was found for 23% (10) of samples, 216 

while 5% (2) showed a higher-than-expected MNOC of five. LRs indicating “Very strong 217 

support” for the prosecution hypothesis (Hp) were generated in 46% (19) of samples,  for at 218 

least one of the four participants who handled the item in question (Table 4).  219 



Table 4. Percentage of PCR Inhibition/Failure and Likelihood Ratio (LR) outcomes with a verbal qualifier indicating 220 
“very strong support” for the prosecution hypothesis Hp, by recovery method and specimen type. Percentages are of 221 
total number of analysed samples.  222 

Recovery method Specimen Inhibition/Failed PCR (%) Very Strong Support for Hp (%) 

Cotton swab Antler 2% 2% 

 Conch 0% 2% 

 Elephant skin 4% 0% 

 Antelope fur 0% 2% 

 Elephant ivory 2% 0% 

 Snake skin 2% 5% 

 Total 10% 11% 

Flocked swab Antler 0% 5% 

 Conch 2% 0% 

 Elephant skin 2% 0% 

 Antelope fur 0% 2% 

 Elephant ivory 4% 2% 

 Snake skin 2% 2% 

 Total 10% 11% 

Foam swab Antler 2% 2% 

 Conch 2% 5% 

 Elephant skin 2% 2% 

 Antelope fur 0% 2% 

 Elephant ivory 2% 0% 

 Snake skin 0% 2% 

 Total 8% 13% 

Minitape Antler 0% 0% 

 Conch 2% 2% 

 Elephant skin 2% 2% 

 Antelope fur 2% 0% 

 Elephant ivory 4% 0% 

 Snake skin 0% 2% 

 Total 10% 6% 

 223 

 224 



4. Discussion 225 

In this study trace DNA deposits of sufficient quantity and quality to support theoretical 226 

prosecution propositions (Hp), were recovered from the surfaces of elephant ivory, conch 227 

shell, snake skin, antler, elephant skin, and antelope fur. 228 

Previous studies in this area of work reported successful recovery of trace DNA from wildlife 229 

specimens using the commonly utilised methods, minitapes and wet/dry swabbing with 230 

cotton swabs [33,39,40]. We found these two methods to be the worst-performing. Instead, 231 

wet/dry foam swabbing, a non-traditional trace DNA recovery method, demonstrated the 232 

greatest efficacy and significantly outperformed other tested methods for three of the six 233 

tested wildlife specimens: elephant skin, antelope fur, and elephant ivory.  234 

Trace DNA concentrations were lowest from our taxidermy specimens and PCR inhibition, or 235 

failure, was observed in samples collected from the surface of all three taxidermy specimen 236 

types, elephant skin, antelope fur, and snake skin. Previous studies show that chemical 237 

processes used in taxidermy or preservation impede DNA analysis of wildlife specimens when 238 

attempting species identification [41,42]. Leather is known to contain PCR inhibitors derived 239 

from the tanning process that impact downstream analysis of human trace DNA [43]. These 240 

phenomena may explain the overall low trace DNA yields observed from our taxidermy 241 

specimens. 242 

Inhibition was most prevalent in cotton-swab and flocked swab samples aligning with prior 243 

evidence in the literature that cotton swabs may collect more PCR inhibitors on porous 244 

surfaces [25]. Only one instance of inhibition, using minitapes, was seen from samples taken 245 

off antelope fur. Like Tobe et al [33] we observed the collection of strands of fur and other 246 

debris by the minitapes during sampling. We hypothesise melanin, a known inhibitor [44], was 247 

introduced by fur strands left on the minitapes and as such it may not be a suitable trace DNA 248 

collection method in cases involving furs. Whilst this does not appear to have been 249 

investigated in the literature, we postulate that, comparable to both cotton swabs and 250 

minitapes, foam swabs may be better at isolating DNA and avoiding PCR inhibitors. It has been 251 

suggested in the literature that the open structure of the foam material of foam swabs lends 252 

to better DNA release and, coupled with its flexibility, also a greater capability of material 253 

collection through effective penetration into the pores, creases and grooves of surfaces 254 



[45,46]. This could explain why the foam swab performed significantly better on two of the 255 

three taxidermy specimens included in this study and better overall. 256 

Participant handling style may have further reduced the quantities of DNA recovered from the 257 

skins and fur. Conch, ivory, and antler were routinely gripped, turned, and lifted during 258 

deposition, while skins and furs were stroked. Stroking likely generated less pressure and 259 

friction, which are key contributors to trace DNA transfer [19,47,48]. Outside of an 260 

experimental setting, people are likely to handle wildlife objects very differently, and further 261 

work is required to better simulate trafficking and other wildlife crime scenarios to achieve 262 

more realistic handling methods.  263 

Trace DNA samples recovered from ivory were the most unexpected of this study; whilst 264 

recovered samples had the highest average DNA concentrations across specimens, they had 265 

significantly lower number of alleles recovered compared to other specimens. Samples also 266 

showed the highest rate of inhibition compared to all other specimens. None of the recovery 267 

methods tested on ivory resulted in the minimum number of alleles expected from a four 268 

person mixture [49]. The reasons for this are unclear as the same outcome was not seen in 269 

the conch shell, a visually and texturally  similar surface type. As the low allele count was seen 270 

across recovery techniques it suggests an interaction with DNA deposits taking place at 271 

substrate level. In species identification work, using ivory as a raw material, calcium is 272 

considered a risk factor for PCR inhibition [50]. However, this is unlikely to have been a 273 

contributing factor in the context of this study due to the non-destructive recovery methods 274 

used. PCR inhibition by way of humic acid presents as a more likely scenario for the high rates 275 

of inhibition seen in our elephant derived products. Humic acid is a known PCR inhibitor found 276 

in soil and plant materials and efforts are made to remove it or develop assays that can 277 

withstand its presence in the context of forensic casework [51,52]. Elephants are routinely 278 

observed using their tusks to dig into the ground, seeking water, food sources and to loosen 279 

soil which they then apply to their skin for the proposed purpose of sun protection. Therefore, 280 

the presence of humic acid is highly possible in raw, unwashed samples; in the context of this 281 

study humic acid may have been present in the pores of the ivory. However its lack of water 282 

solubility [53] raises the question as to whether the swabbing techniques used would reliably 283 

recover it from the pores. Further work is needed to identify which, if any, inhibitors are at 284 

play in trace DNA samples recovered from ivory and compare these to other wildlife 285 



derivatives. The results seen in this study highlight the importance of looking beyond just 286 

quantification results when carrying out recovery method comparisons particularly on novel 287 

substrates.  288 

5. Summary 289 

Human trace DNA recovery has been underexplored in wildlife crime investigations. This study 290 

demonstrates that fresh trace DNA with sufficient allele profiles to be of forensic value can be 291 

recovered from wildlife specimens. Foam swabs proved to be the most effective across varied 292 

surfaces however all tested methods produced positive results. Despite higher costs and 293 

limited current use in the trace DNA recovery context, foam swabs show strong potential for 294 

wildlife forensic applications. Challenges arise with samples taken from the surface of 295 

taxidermized items, where an increased risk of PCR inhibition may impact analysis. Further 296 

research is needed on trace DNA persistence and inhibitor impact, to inform recovery 297 

strategies, particularly in the case of elephant ivory. While the applicability of human DNA in 298 

wildlife crime may be limited, its potential evidentiary value is high. In cases where it can be 299 

recovered, it may significantly strengthen links to suspects. Foam swabs are recommended 300 

when resources permit, though cotton, flocked swabs, and minitapes have also been 301 

demonstrated as capable of achieving intended objectives.  302 

 303 
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