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Abstract
The effectiveness of alternate light source (ALS) to fluoresce bone and other materials is well-attested to in a laboratory setting but rarely, if ever, has it been used in field excavation. This study examined the recovery rates of fragmentary bone, fabric, and metal, both with and without the use of an ALS, through practical and controlled excavation experiments with multiple users. All archaeology, including forensic archaeology and crime scene investigation more generally, should account for trace evidence. Currently, there is limited empirical data for the recovery of evidence from excavation, and those studies that do exist, highlight the short-comings in current methods. 
Six comparable test pits were created, representing empty graves in which only trace evidence remained. Each contained 20 fragments of bone (≤10mm), 16 hair fibres, two pieces of fabric and two lead pieces, which were back-filled and left for over 15 weeks. Three excavators were each tasked with excavating two test pits: one using ALS, one in daylight conditions. 
The results of the experiment identified some critical aspects of using blue 455nm wavelength ALS in the field, and the importance of experienced practitioners. Sample evidence was small in size and recovery rates were low. In daylight conditions, an average of 46% of trace evidence was identified, while just 40% was recovered using ALS. This excludes hair fibres which were almost undetectable in all conditions. When using ALS, smaller bone fragments were more than twice as likely to be recovered, but less non-fluorescent materials were found. The experience of each excavator had a positive correlation with excavation results. Excavation error rates were calculated, demonstrating that excavation is comparable using either technique, but daylight conditions lead to greater accuracy. 
[bookmark: _Hlk48141557]The findings suggest that ALS can be used to increase recovery of some evidence types. Test pits provided none of the usual primary evidence associated with graves and excavators had no prior experience of ALS. While retrieval rates were low, almost all recovered items were found in situ and an accurate records maintained. Error rates in forensic archaeology are essential and it is hoped that the method outlined here can be developed towards the establishment of acceptable error rates. While ALS use in forensic archaeology should not be considered a panacea to issues of trace evidence recovery, a combination of well-tested archaeological excavation methods, alongside the implementation of such proven forensic techniques, would likely lead to improved recovery of evidence. 
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1. Introduction
Recent studies have begun to highlight the necessity of gathering empirical data on the recovery of evidence in forensic archaeology (Evis 2016; Evis et al, 2016). Such research has indicated that the current methodologies and techniques are limited in their ability to recover all possible evidence. This has implications for the admissibility of excavated evidence within the legal process but should also be of concern throughout the field of archaeological practice. This limitation is particularly acute when it comes to smaller objects or trace evidence. The research outlined here examines the recovery of trace evidence from a controlled practical excavation experiment and assesses the application of an established technique in crime scene investigation – alternate light sources (ALS) – in a forensic archaeology context.
Forensic archaeology, the use of archaeological theory, methods and techniques in a legal context (Groen, Márquez-Grant & Janaway, 2015; NFI, 2013), has been developing as a profession since the 1970’s. Since the emergence of the discipline the focus of literature and practice has primarily been on the recovery of a body, or bodies, and seldom considers associated trace evidence to be of equal importance (Hochrein, 2011). At a crime scene, trace evidence is typically considered to include bodily fluids, hair, fibres, fingerprints, glass, paint, and explosive or gunshot residue (GSR) – simply, any material transferred during a crime (FBI, 2019) or items that provide information about the location, the victim or the suspect (Dotson, 2018). Consequently, fragmentary, or small disarticulated bone must also be considered as trace evidence. The significance of small bone has been highlighted during the investigation of mass graves or mass fatality incidents (Sturdy Colls, 2016; Fournet, 2016; Jugo & Wastell, 2015; MacKinnon & Mundroff 2007), mainly where there is evidence pointing to secondary and/or tertiary grave locations. The need to recover all remains from graves cannot be understated and such fragmentary remains have been used to verify pre-burial destruction of remains by explosives (Jugo & Wastell, 2015).
1.1 Previous Studies
Research on archaeological methods used in the forensic excavation of graves is largely a recent development. Tuller & Đurić (2006) retrospectively examined forensic excavations undertaken at two comparable mass graves in Serbia. The graves were excavated using two different methods, and quantified ‘unassociated’ bones recovered. The most suitable method was deemed to be the stratigraphic method, however, even in this case, small bones, from the extremities (e.g. phalanges, tarsals and carpels), were displaced frequently. These were more likely to be disarticulated, but more significantly, occasionally remained unrecognised and unrecovered by the excavators (Tuller & Đurić, 2006). There was seemingly no preservation issue that might explain this loss of smaller bones. As the methods were compared post-excavation, the experience levels of excavators, and the time they spent excavating, could not be meaningfully measured or compared.
Techniques used for excavating single clandestine graves have also been highlighted as a methodological concern. A recent study examined the outcomes of two different excavation methods in which eight experimental ‘graves’, each containing 20 artefacts, were excavated. The artefacts did not include any skeletal elements and were described as “items typically found in clandestine burials… also common, easily identifiable items, and… recognisable to participants” (Evis et al, 2016, 180). No further details of artefactual evidence or duration of burial were provided but the test pits were machine-dug (leaving toolmarks), were of ample size (1.2m x 0.75m x 0.85m) and contained 11 grave fills. Four archaeologists participated in the experiment, which resulted in stratigraphic excavation being identified as the most effective method, with an average retrieval rate of 71% (Evis et al, 2016.). The range of evidence recovery was between 55-82% (Evis et al, 2016). There was also a positive correlation noted between the time spent excavating and the identification of items in situ. While archaeological experience ranged from one week to six years, the more experienced archaeologists recovered more collective evidence (Evis et al, 2016). 
The most comprehensive examination into forensic excavation of single test graves has been that carried out by Evis (2016). Assessing four different excavation methods, recording systems and archaeological experience levels, the research consisted of 50 participants and as many test graves. Again, no skeletal elements were used, and evidence ranged from large items (e.g. dress, ID card) to small sized objects (e.g. earrings, hairpins etc.). The findings indicated that stratigraphic, demirant, and quadrant excavation methods all led to the recovery of over 70% of the evidential items. Of these, the quadrant method showed the least variability in results and was deemed the most reliable overall, yet small items were not always reliably identified, such as earrings (average 40% recovery) and hairpins (average 10% recovery), even when most participants opted to sieve the excavated soil. The total numbers of small items (i.e. earrings, hairpins, cigarette papers, coins and false nails) recovered in situ across these three methods was on average 41%. Two further aspects of Evis’s research are striking. The study found no positive correlation between the experience of the excavator and the successful recovery of items, except that non-archaeologists conversely found the least number of items in situ. Secondly, contrary to previous research, the time spent excavating a given test grave was not found to correlate with an increase in evidence recovered. 
Undoubtedly these previous studies provide valuable insight and data into the success or otherwise of archaeological methods. The overarching aim of the research presented here, in line with previous research, is to “continue to experimentally test archaeological excavation methods… to ensure that they are suitable for use in forensic practice.” (Evis et al, 2016).
1.2 Alternate Light Sources
To date, the use of ALS has only been successfully applied in the search for scattered evidence on the surface. This has had the effect of increasing the recovery of skeletal remains by up to 70% (Brown & Christensen, 2018; Brown, 2017). This technique should be incorporated into methodologies previously proposed for the rapid initial assessment of surface human remains at a scene (Pokines, 2015; De Leeuwe & Groen, 2015). However, ALS as a technique has not previously been employed at excavations. Long-established field archaeology techniques have been adopted, uncritically and largely untested, as best practice in forensic excavation (Evis, 2016), while some recognised techniques of crime scene investigation have not been tested or applied at clandestine or mass grave excavations.
The use of alternative light sources (ALS) relies on photoluminescence, or fluorescence, where the object absorbs light of a lower wavelength and, through excitation, shortly after emits light of a greater wavelength (Miranda et al, 2014; Kersh et al, 2014; Viner et al, 2014; Christensen et al, 2014). Viewing the light emitted during fluorescence is controlled by the use of a long-pass filter, removing reflected incident light and competing light from background surfaces (Kersh et al, 2014). At crime scenes, this is well-established means of locating trace evidence and is both a simple and non-destructive technique (Miranda et al, 2014; Sheppard et al, 2017; Miranda et al, 2017; Lee & Khoo, 2010; Gallant, 2013; Schulz et al, 2007).
There is a high degree of overlap in the reported wavelengths that produce fluorescence in various materials, generally through blue and green spectral bands. While some materials such as hair, skin and fibres reportedly emit a fluorescent response at multiple wavelengths (‘Foster+Freeman’ 2019a; Viner et al, 2014; Schulz et al, 2007), blue wavelength ALS is optimal for the fluorescence of bone (Miranda et al, 2017; Swaraldahab & Christensen, 2016), GSR (Kersh et al, 2014; Atwater et al, 2006), blood (Foster+Freeman 2019a; Lee & Khoo, 2010) and other bodily fluids (Sheppard et al, 2017; Miranda et al, 2014; Zvarik et al, 2013 and Lincoln et al, 2006).
However, there is some variability in the excitation wavelength of bone. Human bone does fluoresce under UV-light, at 365 nm wavelength, (Bachman & Ellis, 1965; Hartles & Leaver, 1953), but blue light, c.450nm has proven to be more effective, even underwater (Christensen et al, 2014). It is accepted that the organic component of bone, collagen, accounts for the vast majority of the fluorescent response due to two amino acids, tyrosine and tryptophan (Swaraldahab & Christensen 2016; Christensen et al, 2014; Brown & Christensen, 2018; Bachman & Ellis, 1965). The collagen component forms a scaffold matrix for bone (Makareeva & Leikin, 2014), and is also necessary for radiocarbon dating and stable isotope analysis (Balzer et al, 1997). The inorganic hydroxyapatite also fluoresces under certain conditions, albeit weakly (Swaraldahab & Christensen 2016). 
A recent study of ALS detection of human tooth and bone, found that that tooth material is more fluorescent than other bone and the optimal ALS wavelength for detection was at 455nm, viewed through an orange filter (Miranda et al, 2017). Notably, this analysis was performed against a background of inert Styrofoam, lacking the complexity of the environment experienced at forensic excavations or indeed other crime scene types. 
A study carried out by Swaraldahab & Christensen (2016) concluded that bone fluorescence decreases over time. This study statistically assessed the performance of 490nm wavelength ALS with orange filter on bone of different post-mortem intervals – from recent (<5 years), to ‘ancient’ (mean = 522 years). Recent/semi-recent samples were from pig, while historic/ancient samples were human. There was an inverse correlation between the age of the sample and the intensity of fluorescence (ibid.). Although all bone of forensic interest fluoresced, the researchers cautioned that fluorescence is not a trustworthy indicator of ‘ancient’ bone (ibid.). This supports previous research where 2% of the forensically relevant samples were excluded as historic due to the absence of UV-fluorescence (Hoke et al, 2013).
The results of the study presented here evaluate the ability of archaeologists to recover small items of evidence from a buried context. As this sample evidence consisted primarily of bone fragments, but also hair fibres, cloth and metal, the application of ALS/fluorescence was also assessed. The controlled scenario was intended to reflect the reality of applying ALS in the field.  Scavenging of skeletal material from shallow graves is also an issue that has been raised previously (Moraitis & Spiliopoulou, 2010). It was therefore important to record this activity, if it occurred, as such scavenging could have potentially impacted the quantification of results. The use of standardised test pits also allowed the accuracy of the excavations be examined, both in terms of samples and dimensions. The experience of the archaeologist, and the time spent excavating, were two other noteworthy factors to be re-evaluated in light of other studies (Evis 2016; Evis et al. 2016). The viewpoint of experienced practitioners in relation to the applicability of ALS in the field was also key to this project, particularly in terms of dark adaption and its effects on excavating, recording and photography. This report demonstrates the value of ALS in the identification of archaeological trace evidence and how future studies will further develop the technique to standardised procedures and methodologies for use in forensic archaeology.



2 Materials & Methods
2.1 Materials
Samples were chosen to reflect the potential of a ‘robbed-out’ primary clandestine grave, i.e. a burial that was reopened and the larger, anatomically positioned, skeletal evidence removed to another location (Boulestin & Duday 2006). This mostly consisted of fragmentary bone but also included hair fibres, fabric, and metal. No articulated skeletal remains were used (i.e. no individual skeletons) as is common in test pit experiments (Morse et al, 1976; Evis et al, 2016). All bone samples were of pig - Sus scrofa domesticus – a common substitute for human bone in research (Swaraldahab & Christensen 2016; Gallant 2013), and all bones selected were ribs. This fresh bone was defleshed, to increase the effects of soil directly on the bone and cut into fragments measuring 10mm3 and 5mm3. 
[bookmark: _Hlk12620467]Hair fibres were 50-70mm in length, undyed dark brown hair, and all sourced from the same individual, male, 30-40 years old. Cloth fabric was selected from a white garment of cotton/polyester mix. Each sample was created by cutting a square portion from the same garment, 2cm x 2cm. Lead was selected as the metal evidence as it could not fluoresce and therefore would act as a control for such potential evidence. Lead is also a common material encountered in ballistic evidence, and therefore significant within clandestine and mass graves (O’Brien, 2011). The lead material used was cut from roof-flashing, 10mm x 10mm and 3mm in thickness, and was square in shape – and so was not dissimilar to a distorted projectile. The size of these samples is notable in that all samples used, except for hair, are in the range 5mm – 20mm. 
This sample evidence was buried within the test-pits for over 15 weeks (108 days), and control samples of each type were retained.

[bookmark: _Toc12629522]2.2 Fieldwork Design & Procedure
[image: ]For comparative purposes, the experiment design was largely informed by other recent forensic excavation recovery tests (Evis et al, 2016; Evis 2016). This needed to examine the rates of recovery of different types of trace evidence, both using stratigraphic excavation methods and using ALS. The first method was excavation in natural daylight, using single context recording. This also functioned as a control for analysing excavation using ALS.  For comparative purposes, the set-up of each of the test pits was as near identical as was practicable. In all, six test pits were created, each from a template size – 0.6m x 0.3m in extent and 0.3m in depth. These were positioned adjacent to one another across the mid-slope of a south-facing ridge in agricultural grassland (Figure 1). Figure 1: Layout of test pits, aerial view during excavation

Each test pit was rectangular, orientated north - south, and created using only a spade and hand shovel. The base of each of the 6 test pits was divided into 18 sectors (each approximately 100mm2) and an array of evidential material was laid out. This allowed the placing of sample evidence to be controlled, assuring that each test pit had identical items in similar positions. The sample evidence comprised 20 fragments of bone (10 x ≤10mm3 and 10 x ≤5mm3), 16 human hair fibers, two pieces of white polyester/cotton, and two pieces of lead. The array of sample evidence at the base of each test pit is shown in Figure 2. 
[bookmark: _Hlk38968705]The test pits were backfilled with the same material that had been excavated out of each, a soft brown silty clay. This reflected the reality of any cut feature which might have been quickly infilled – as is the case in most clandestine graves. The original sod was replaced, to conceal the ‘graves’, and a wire mesh (2.5cm dia.) placed over the sod to deter potential scavenging, as samples did include fresh bone at a shallow depth. Scavenging was a factor that could impact the measurable outcomes of the experiment. Therefore, an infra-red motion-capture camera was also installed, focused on one test pit (No. 6), as an indicator of scavenger activity during the project. As the test pits had been created by the researcher, objective participants were required to excavate them. Three archaeologists of different specialisms and levels of experience volunteered, and their credentials are given in Table 1. Each participant was asked to excavate one test pit in natural daylight and another using ALS in a darkened environment (i.e. dark-tent). All excavation used the accepted stratigraphic/single-context method (Evis et al. 2016; MoLAS, 1994). Participants were not informed of the nature or position of sample evidence or the size, shape and fills of the test pits. They were each supplied with a brief to the project, outlining the tasks and the inter-confidentiality required between them during the experiment. This maintained [image: ]objectivity and activities were alternated (i.e. participants A and C used ALS for their first test pits, while participant B used ALS for their second test pit). Figure 2: sample evidence within Test Pit 5 (left); schematic evidence within sectors (right)

Table 1: Overview of participants
	Participant
	Qualification(s)
	Archaeological Experience (yrs.)
	Profession

	A
	BA, MA, BMBS
	6
	Medical Doctor

	B
	BA, MA, MSc
	18
	Forensic Archaeologist

	C
	BA, MA, PhD
	21
	Osteo-archaeologist



A record sheet for each test pit was completed contemporaneously with the excavation by each participant. These prompted the excavators to record standard archaeological information, including all evidence found. 
Apart from standard excavation tools, a single ALS was the only scientific instrument in the field. This was a Sirchie Mini BluemaxxTM III LED. The technical specifications state this is a 3-Watt LED, emitting light at a wavelength of ‘approximately 455nm’ (Sirchie, 2017).  Two pairs of Sirchie Orange filter goggles were also used. Photography of ALS on site used a Nikon D3300 with standard 18mm-55mm lens fitted with a Tiffen Orange long-pass filter. The dark tent was constructed of a timber frame with heavy-gauge grey polythene covering. 
[bookmark: _Toc12629524]2.3 Analysis 
The primary data analysis was quantitative, but observational information was also recorded. The quantitative analysis required a comparison of rates of evidence recovered between methods used (i.e. with ALS and without). Where this was marginal, or resulted in an ambiguous interpretation, an independent samples T-test was used to identify significant difference between methods. The overall numbers of recovered items were also analysed with respect to the experience of the excavator and the duration of the excavation procedure to see if trends emerged. Basic data analysis was performed in MS Excel (ver. 1905) with supplementary analysis (i.e. T-tests) conducted in IBM SPSS Statistics ver.25.

3. Results
[bookmark: _Toc12629530]3.1 Quantitative Results
The results of sample evidence recovery from each of the six test pits are as shown in Table 2. Note that these figures exclude hair fibres which were recovered in very low numbers, as discussed below. In no instance did hair fibres fluoresce in response to blue ALS.
[bookmark: _Toc12622860]Table 2: Recovered evidence from each test pit
	Test Pit (Excavator)
	Lighting
	Total items (exc. hair)
	Total recovered (exc. hair)
	Percentage (exc. hair)
	In Situ
	Ex situ
	Mean % recovered

	1 (A)
	ALS
	24
	4
	17%
	3
	1
	40.27%

	2 (C)
	ALS
	24
	14
	58%
	11
	3
	

	3 (B)
	ALS
	24
	11
	46%
	11
	0
	

	4 (C)
	Nat Light
	24
	14
	58%
	12
	2
	45.83%

	5 (B)
	Nat Light
	24
	11
	46%
	9
	1
	

	6 (A)
	Nat Light
	24
	8
	33%
	8
	0
	



The overall result was low, ranging from 17% - 58%. Excavation in natural light had a greater return on average, almost 14% more than when using ALS. A detailed breakdown of each type of sample recovered, and by which method, is given in Table 3. Notably, there was a similar overall result for larger bone ≤10mm and cloth fabric, while ALS provided a significantly greater return of smaller bone fragments. Other materials, namely those that did not fluoresce, were clearly more readily recovered in natural lighting conditions.

[bookmark: _Toc12622861]Table 3: Sample evidence types recovered from each trench
	Test Pit (Excavator)
	Lighting
	Bone ≤10mm
	Bone ≤5mm
	Cloth
	Metal
	Hair

	1 (A)
	ALS
	3
	0
	1
	0
	0

	2 (C)
	ALS
	9
	3
	2
	0
	0

	3 (B)
	ALS
	6
	2
	2
	1
	0

	
	ALS Total
	18
	5
	5
	1
	0

	4 (C)
	Nat Light
	10
	0
	2
	2
	1

	5 (B)
	Nat Light
	4
	2
	2
	2
	1

	6 (A)
	Nat Light
	5
	0
	2
	1
	0

	
	Nat Light Total
	19
	2
	6
	5
	2



As there were an unequal quantities of sample types within each test pit, Figure 3 illustrates the mean percentages of each evidence type recovered by method. While marginally more bone in the region of ≤10mm size was found in natural light, more smaller bone fragments, ≤5mm in size, were found using ALS. Cloth was for the most part recovered but far less lead pieces (17%) were found when using ALS in comparison to naturally lit conditions (83%). Although all hair identified was found ex situ, both hair fibres (just 4% of the total) were found in natural light. 

[bookmark: _Toc12622936]Figure 3: Percentage of each sample type recovered by method
[bookmark: _Hlk12491865][bookmark: _Hlk12492505]An independent sample T-test was used to address the question of statistical difference between the two methods of excavation. The result is that Levene’s test indicates equality of variance (F= 1.196; sig.= 0.336) between the total samples recovered and that no statistically significant difference is noted between the two methods (T-test p =0.717). Even when size of bone is considered, no statistically significant difference was found between methods for either category of bone size (bone≤10mm sig.=.0.902; bone≤5mm sig.=.0.417). However, the identification of metal objects did show statistical difference (sig. = 0.047). 
The excavated soil was not sieved at any point, and no item recovered could not be re-associated with the context, or area of the test-pit, from which it came. However, it was decided to record items that had been moved in the process of excavation as having been recovered ex situ. In both methods, 4 items were recovered in such a manner (Table 2), excluding 2 hair fibres, both found ex situ in daylight conditions. Therefore, ex situ evidence accounted for 14% of that recovered using ALS and 12.5% in daylight conditions. 
In assessing the relationship between participants experience in archaeology and the level of sample evidence recovered a clear trend emerged. The more experienced the archaeologist the greater the recovery of evidence. However, in natural light the least experienced archaeologist returned more evidence while using ALS (Figure 4).
The time taken to excavate a given test pit was assessed in relation to the items recovered. The mean excavation times across both methods revealed that one item of evidence was recovered every 15 minutes. However, ALS seemingly impacted the rate of excavation – participant B was quicker while participant C was slower – significant as they both returned the exact same number of items in each method (see Table 4). 


Figure 4: Experience (in years) and evidence recovery by method
[bookmark: _Toc12629531]3.2 Observational Results
During the 108 days that the test pits remained dormant, vegetation masked them completely. No scavenging was found to have occurred at the site during this project. The motion-capture camera did record foxes, magpies and cats, but there was no disturbance recorded (Figure 5).
[image: ]
Figure 5: Images from motion-capture camera with test-pit 6 at the centre. Although wildlife, such as foxes, were recorded in both day and night, no scavenging or other disturbance of the test-pits was recorded.
The practicalities of excavation meant that the sod covering each test pit had to be removed, and the pit cut identified at the top, prior to installing the dark-tent over it (as would likely be the case at any forensic scene). Note-taking within the darkened environment was also challenging, meaning that participants frequently breached the conditions required for optimum dark adaptation.
Participants noted that this ALS was cumbersome to hold while excavating, while a tripod in a set position cast shadows or was likely too distant/weak to examine the area being excavated. A higher-powered ALS unit may have overcome some of these issues.  
The dimensions of each test pit, post-excavation, reflected the original measurements made by the researcher (see Table 4). This shows that experienced archaeologists can excavate such a cut feature in either daylight or a darkened environment with the same general accuracy. However, the rate of error is higher when using ALS due to the darkened conditions (error rate formula Original-Excavated/Original*100). Notably, the least experienced participant (A) did not fully reach the base of the test pit in darkened conditions – with clear consequences to the recovery of sample evidence (i.e. 17%) but the calculable error rate does not reflect the true impact of this.
Table 4: Excavation time, original dimensions and excavated result of each test-pit, with calculated error rates. * denotes which method was used first for each participant
	Method
	Test Pit / Excavator
	Time / min.
	Original L x W x D (m)
	Excavated L x W x D (m)
	Actual Error (m)
	Error Rate

	ALS
	1 A*
	125
	0.56 x 0.28 x 0.30
	0.56 x 0.25 x 0.26
	+0.07
	6.14

	
	2 C*
	141
	0.57 x 0.28 x 0.30
	0.65 x 0.35 x 0.28
	-0.13
	11.3

	
	3 B
	177
	0.56 x 0.28 x 0.30
	0.63 x 0.32 x 0.30
	-0.11
	9.65

	
	Average
	148
	Error with ALS
	± 0.06
	9.03

	[bookmark: _Hlk36111880]Natural Light
	4 A
	125
	0.58 x 0.26 x 0.30
	0.65 x 0.35 x 0.28
	-0.14
	12.28

	
	5 B*
	247
	0.57 x 0.27 x 0.30
	0.63 x 0.30 x 0.28
	-0.07
	6.14

	
	6 C
	125
	0.56 x 0.28 x 0.30
	0.56 x 0.28 x 0.30
	0.00
	0

	
	Average
	166
	Error in natural light
	± 0.07
	6.14



The excavation record sheets compiled by the participants showed that a satisfactory level of accuracy and recording was maintained in excavating the cut and fill in both methods. Only one mixed fill context was present, and this was accurately recorded by all excavators (in just one instance was soil colour not defined due to darkened conditions). The test pit cuts were all described accurately as rectangular with squared corners and flat bases. 
Photography of in situ sample evidence as it fluoresced was challenging to achieve using ALS. It was largely restricted to close-ups only (Figure 6) and contextual photographs of the excavation were only achievable after completion once the tent structure was removed. 
[image: ]
Figure 6: Excavation photography using ALS, close-ups of samples in Test Pits 2 and 3.




4. Discussion
[bookmark: _Hlk48140583]In all findings, it must be highlighted that the archaeologists excavating the test pits did so without any prior knowledge of the size or shape of the cut or what items/objects the pits contained. Furthermore, there was no usual primary evidence (i.e. body or large objects) or investigative background, to inform the expected nature of the deposits. This meant that the archaeologists had no systematic template to aid their excavation strategies. However, the overall recovery of trace evidence was low, ranging from 17% to 58%. Even where the test pits were excavated in natural daylight, on average less than half of the available trace evidence was located (45.83%). The brighter conditions also promoted the diversity of evidence types recovered as not all items fluoresced. Hair fibres were only recovered in daylight, albeit ex situ, however, perhaps the best example was that of lead fragments, 83% of which were recovered, as against 17% when using ALS.   
There was no statistical difference in overall recovery of objects between the two methods (p =0.717). It must also be reiterated that none of the archaeologists had prior experience of using ALS, or indeed of excavating in darkened conditions. Again, using ALS, less than half of the available trace evidence was recovered (40.27%). This is comparable to the rate of recovery of smaller items in a much larger study carried out by Evis (2016) but there is no directly comparable empirical data on the recovery of such trace evidence from test-pits or graves as the size of objects in similar experiments are generally larger. Notably, when using ALS, the participants were more than twice as likely to recover smaller bone fragments, i.e. ≤5mm. The importance of this should not be understated as it indicates the use of ALS would likely mitigate the magnitude of loss of small or fragmentary bones, as has been shown to occur in the excavation of mass graves (Tuller & Đurić, 2006).
The ex situ material recorded here was that which was moved during the excavation process but could still be associated with context. The majority of recovered material was found in situ, both using ALS and without. While the accuracy of the excavations was shown to be comparable between both techniques, the darkened environment while using ALS likely caused the incomplete excavation in one instance. This was the only instance of ‘under-cutting’ and so skews the average accuracy for excavation with ALS. Therefore, the error rate is more insightful, in that it was 47% greater when excavating in a darkened environment. There are no previously published error rates such as these and it is hoped that future forensic test excavations might replicate the method here, so that an acceptable error rate might be established. Overall, as might have been expected, excavating in darkened conditions using ALS is less accurate than in daylight.
The time spent excavating the test pits was generally between 2 and 3 hours. The exception was that of test pit 5, excavated in daylight by participant B, this took over 4 hours but did not result in a greater number of items recovered when compared to the same excavator using ALS, nor did represent the most items recovered overall. Similarly, time spent excavating did not indicate greater precision when defining the cut of the test pit. There is potential for bias due to familiarity while excavating the second test pit in each case. However, only participant A increased evidence recovered in their second test pit. Similarly, participants B and C shortened the time spent excavating their second test pits, and while excavation error increased for A and B, it improved for participant C (see Table 4).
Archaeological field experience appears to be an important factor. In assessing experience versus performance, Evis et al (2016) found the same positive correlation in the 1 to 6 years’ experience range. This study clearly demonstrates the same trend, as it continues from 6 years up to 21. It also shows that in daylight conditions the most accurate excavation was undertaken by the most experienced archaeologist and visa-versa. This contrasts with the larger study using 50 excavators in which no significant correlation was seen (Evis 2016), but it does seem that this assessed participants on their overall time spent in the profession, as opposed to their field experience only. Nevertheless, here as elsewhere, a positive correlation is recorded between experience and quantity of evidence recovered and therefore this significant aspect should not be ignored by the forensic and archaeology profession.
There are of course limitations in this experiment. Firstly, although six test pits were used, only outcomes from three archaeologists could be assessed. Secondly, as ALS has not been used in archaeological excavation previously, this compared an entirely unfamiliar technique alongside techniques that have been used for years by the participants. Finally, while the wavelength of the ALS instrument used was appropriate, the power output and width of the beam is likely to have been a limiting factor in excavations such as these. Darkened conditions and weak ALS also posed challenges in terms of the photographic record. Nevertheless, the duration that the samples were buried, and controls to record/prevent scavenging, meant that the test pits themselves were worthwhile, as both realistic and comparable.
Considering the results here, and elsewhere, the issue of trace evidence recovery in forensic archaeology remains largely unresolved. The results of this study indicate that ALS does increase the recovery of small and fragmentary bone. The depletion of collagen in bone over time is yet another factor to consider and is not only dependent on post-mortem interval (Swaraldahab & Christensen, 2016) but also soil type, sexual dimorphism, and age at death (Jellinghaus et al, 2019). This has potential implications for effective ALS use, particularly with regard to historic or cold cases. At this moment in time it appears to be impractical and irresponsible to excavate using only ALS, as the loss of non-fluorescing evidence types and the accuracy of the excavation would be unacceptable. However, in order to address the significant loss of evidence, ALS could be used on-site to identify small or fragmentary remains that would otherwise be discarded. This should inform excavation methodologies at a practical level. For instance, the excavated soil from each context could be sieved under ALS in a dark-tent nearby. Where smaller bone and other fluorescing items are shown to be over-looked by the excavator, the ALS/dark-tent could be moved over the burial periodically. Alternatively, once all visible remains have been removed the grave cut might be inspected with ALS as a precaution.
The more fragmented human remains are, the more essential it becomes to ensure that there is maximal retrieval of potential evidence and “that the remains are recovered by forensic archaeologists” (Scheuer & Black, 2007, 202). Therefore, a combination of well-tested excavation methods, such as stratigraphic, demirant or quadrant, alongside the implementation of established forensic techniques such as ALS in the field, would likely lead to better outcomes. 

5. Conclusion
The current limitations in the recovery of trace evidence from buried environments needs to be further recognised and continue to be addressed in order to mitigate loss of material. This study has highlighted the use of ALS in archaeological excavation and provides a quantified baseline for potential errors in such excavations. No more than 58% of the sample items were identified by any participant, even in optimal conditions. This has potentially profound implications for the ability of archaeological excavation in a legal context to state the absence of evidence. 
Whilst there are limitations in this experiment it must be considered alongside similar previous research. Even so, the successful recovery all available evidence is inadequate at best. Also significant in this experiment is the lack of previous experience in using ALS, a factor that may have caused some bias towards more traditional techniques. Nevertheless, excavation within a darkened environment using ALS did not statistically have an adverse impact on the amount of sample evidence returned. In fact, smaller bone fragments were identified more frequently, a distinct advantage of applying such a technique. It would likely be best to use ALS at different stages of the forensic excavation (as is done with metal detectors), particularly when nearing completion, to confirm that all trace bone or fabric is identified within the buried context. Alternatively, ALS could be used within an on-site darkened screening station, in which ex situ material could be recovered from excavated soil of a known context. Both methods would allow forensic archaeologists to further familiarise themselves with using ALS and perhaps lead to the refinement of the use of ALS in forensic archaeological excavations. 
While the time spent excavating the test pits did not result in better outcomes, there was a clear correlation between the experience level of the excavator and amount of evidence recovered, whether in terms of sample items or the accuracy of the recorded feature. The error rates calculated for each test pit should decrease with larger features however the importance of establishing error rates in forensic practice cannot be understated.
Current methods and techniques of trace evidence retrieval in forensic archaeological excavation must be considered unsatisfactory, and the use of ALS, in a supplementary way, could increase overall recovery rates. 
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