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Introduction

Soil at the Roman site of Vindolanda (Northumberland, UK) provides excellent preservation of wooden artefacts including Roman writing tablets.



Methods

In this study we examined chemical and microbial signature changes within varied occupation contexts of archaeological soil. Analysis included investigating elemental composition, sterol biomarkers, bacterial diversity and community structures from excavation trenches at Vindolanda using pXRF, GC-MS and 16S rRNA gene amplicon sequencing. Samples were taken from varying depths starting at topsoil and working down through layers of Roman occupation including one cavalry stable floor, two infantry barracks and a cook house, and layers which contained Roman writing tablets.



Results and Discussion

The chemical results indicate that areas where wooden artefacts were found had increased soil moisture which was also correlated with specific chemical conditions including shifts in iron, sulphur and phosphorous concentration. Steroid biomarkers indicate the presence of faecal matter in layers, supporting occupation descriptions. Overall microbial diversity did not change across the depth profile but was correlated with soil moisture. Anaerobic soils associated with more optimal preservation differed to other soils with increases in Firmicutes, Proteobacteria, Campilobacterota and Bacteroidota observed. Microbial community structure and putative function as revealed by PICRUSt2 is linked to occupation usage rather than depth of samples with laminated floor layers differing from turf structures. Understanding the complex processes within archaeological soil can help us to understand dynamics of decomposition and preservation. In addition, the apparent preservation of the environmental microbial community as well as the artefacts themselves allows us to understand the microbial environments of the past, how they relate to the present and what this means for our changing environments in the future.
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1 Introduction

The Roman Auxiliary fort of Vindolanda (Northumberland, UK) is of considerable interest to archaeologists and historians keen to learn more about life at the edges of the Roman Frontier. The samples within this study were taken from a trench uncovered as part of the ‘Frontier in Transition’ project. The trench intersected nine occupation periods of the site, each one defined by a comprehensive demolition and subsequent rebuild of the fort and settlement. The first six periods of occupation, from c 85-160 CE, were principally constructed with timber and the final three, c 160-300 CE, more substantially with stone (1). The best-preserved layers are largely restricted to the earliest phases of occupation, each associated with one of five consecutive timber forts occupied between c 85 and c 130 CE. The information and artefacts contained within these layers provide first-hand records of Roman communities based at Vindolanda and Hadrian’s Wall.

In June 2017, the archaeological team encountered a remarkably well-preserved and tightly packed deposit of documents that were a part of the archive of the first commanding officer at Vindolanda. The deposit was situated in a build-up of fill on a street outside the western perimeter of the first fort at the site, built c. 85 CE. This layer, and several layers above, were anaerobic in appearance. Above this layer turf fill is found, levelling foundations for timber buildings and barracks dating 90-105 CE with laminated floor material (1–3). Above this well-preserved stable block containing oak kickboards and packed clay, organic waste and water pipes dating 105-118 CE are found (4). The layers above were waterlogged and contained the remains of a timber frame Hadrianic cook house (120-130 CE). Levels closest to the surface have lower moisture content and contain remains of a large industrial oven and furnace (dating to the end of 2nd century) sitting on a bed of clay which caps the lower layers, and a 3rd century cobbled street between two stone barracks.

Initial reading of the writing tablets found in 2017 suggest that they came from the residence of the first commanding officer at Vindolanda, Julius Verecundus, who is known from other tablets discovered at Vindolanda (5–7) and were perhaps part of his archive. The new tablet evidence neatly confirms what has previously been proposed: that the initial garrison quartered in the period II fort was the now enlarged Cohors I Tungrorum, still commanded by Julius Verecundus (1, 8, 9).

Environmental conditions at Vindolanda allows remarkable preservation of artefacts (10, 11). The preservation of the occupation layers within the trench allows a unique opportunity to apply scientific investigation to archaeological soils, further understanding the location and allowing linkage between observations made by archaeologists, and artefacts uncovered, with measurable environmental variables. Within this study we aim to use portable X-ray fluorescence (pXRF) for inorganic elemental analysis, gas chromatography-mass spectrometry for detection of steroid biomarkers and volatile organic compounds, and 16S rRNA gene amplicon sequencing to investigate soil parameters associated with specific forms of occupation. This will allow further understanding of the site and detail a scientific toolkit which can support archaeological investigation.

Compared to alternative analytical techniques, pXRF is substantially faster and cheaper, achieves comparable sensitivity, and provides the non-destructive portability desired for archaeological applications (12). pXRF has been used for differentiating occupation layers, areas of preservation, and identifying historic land uses (13–18). Elemental analysis of preservation at Vindolanda has previously focused on P, S and Fe (10, 11). P is consistently regarded as the best marker for preservation due to its association with anthropogenic activities (13, 17, 19–21). Generally, a low S content encourages good preservation whereas a high S content encourages corrosion and poor preservation (13, 22–25). Fe content is mainly dependant upon soil weathering and formation processes due to leaching from rock or structural remains. The high mobility of Fe through soil also makes it difficult to interpret through discreet layers of preservation and occupation.

Steroid biomarkers are useful fecal indicators which can differentiate between herbivore, human and omnivore fecal matter (26). Differentiation means a wide range of animals including horse, deer, cow, dog and human could be linked to different occupation layers (27). Diagnostic ratios are based upon a specific class of sterols known as 5β-stanols, which are also indicative of good preservation in organic matter. Sterols undergo microbial degradation in soil leading to transformation, for example, coprostanol to epicoprostanol (28, 29) More recently further biomarkers have expanded the fecal database in which to distinguish sterol signatures from a wider range of animals (27, 30). Identifying steroid biomarkers provides an opportunity for further understanding of Roman activities in occupation layers.

DNA-based techniques allowing the profiling of microbial communities within a location have been used increasingly to describe various soil environments due to its efficiency, cost effective and sensitive nature (31). However, within an archaeological context this is commonly limited to studying presence of pathogens and ancestral microbiota (32). To our knowledge, other than our previous study (10) there are no other studies detailing microbial communities within a Roman archaeological site. Instead, previous studies have linked microbial presence to deterioration of already excavated archaeological sites from different historical eras (33, 34). This study aims to characterize the microbial community within layers of well-preserved Roman occupation.

In non-archaeological settings microbial diversity would be expected to change within a depth profile. Whilst the majority of microbiological studies focus on the top 25 cm of soil there are still complex communities present at depth (35–37). However, these communities are less abundant and diverse than communities within the initial layers of a profile and correspond to declining soil C and N availability (38). Microbial communities also change as a result of differing land use and soil type with studies typically comparing ecosystems and demonstrating change due to anthropogenic intervention (39–41). Previous studies have shown that historical land use, over decades, can still result in changed bacterial and fungal communities today and that altered microbial signatures can be observed when land use has shifted from one anthropogenic form to another (42–44). Hermans et al. (43) were able to use microbial community profiles to accurately predict land use in 85% of cases when examining the bacterial communities alone. This impact may be less evident at depths below 90 cm (36).

Within this study we will firstly examine if the microbial community and chemical signatures within the Vindolanda site exhibits a typical depth profile. We will then aim to correlate the findings observed with the occupation layer and occupational indicators. This will allow greater confidence in the archaeological record to be determined and increased understanding of dynamics within a complex site. We hypothesise that the environmental change brought about by differing occupation settings will have led to an altered microbial community at the time. Given the level of environmental and artefact preservation seen at Vindolanda, we predict that the altered microbial community, and other biomarkers such as sterols, will still be detectable today. Understanding such changes in microbial community composition as a result of past land use can allow us to gain a clearer picture of soil dynamics at the time.



2 Methods


2.1 Sampling and archaeological context

Soil was sampled from a single trench in November 2017 at Vindolanda (54.9911°N 2.3608°W). Soils were extracted from 11 rows in 3 columns, with 10 cm between each row when possible, 
Figure 1
.





Figure 1 | 
Soil sampling strategy and characterized soil layers.




To allow statistical analysis of data the archaeological context of soils was summarized as follows: Layer 0 and layer 10 as ‘natural soil’ as these layers contain no Roman artefacts or evidence of occupation. Layer 1, 6 and 9 as ‘packing’ as these layers contain disturbed turf and packing from buildings/street structures above. Layers 2, 5 and 7 as ‘turf’ as these layers show turf fill for building foundations. Layers 3 and 4 as ‘floor’ as these layers contain laminated floor materials. Layer 8 as ‘silt’ as this contains hard packed silt and cobble. Samples which were in Layers 0-4 were observed to be anaerobic in appearance, Layers 5-6 were waterlogged and Layers 7-10 showed neither anaerobic nor waterlogged appearance and have been termed ‘dry’ soils for analysis, see 
Figure 1
.



2.2 Soil moisture and pH

Soil moisture and pH levels were measured in duplicate using standard methods of 24-hour oven drying and mixing in water respectively. Briefly, soils were weighed before and after drying in an oven overnight at 105°C to determine the moisture content of the original sample using Eq.



Soils (10 g) were placed into plastic cups with distilled water added (20 ml) for a 1:2 proportion. The solution was stirred with a glass rod and settled for 30 min. pH values was analysed using an Advanced Jenway 3510 pH meter calibrated with commercial buffers of pH 4, 7 and 10. The electrode probe was rinsed between each sample. Further details are found in (10).



2.3 Total carbon and total nitrogen

Total carbon analysis was carried out using Vario TOC and total nitrogen was carried out on the rapid N exceed instrumentation (Elementar Corp., Germany). All analysis was carried out in triplicate. Low organic content soil standard was obtained from Elemental Microanalysis, UK.



2.4 portable X-Ray fluorescence

Soils were analysed following the ex-situ method provided by (12). The dried soil samples were manually homogenised for 140 seconds with mortar and pestle and sieved to 2 mm. Soils were loaded into XRF sample cups (SPEX CertiPrep 3529) and closed with 5 µm polypropylene thin-film (SPEX SamplePrep 3520 window film). A Thermo Niton XL3t GOLDD+ pXRF with Ag anode (6-50 kV, 0-200 μA max X-ray tube) was warmed up and system-checked against the internal 1¼ Cr–½ Mo coupon prior to analysis. The pXRF was periodically reset and system-checked to account for drift. A blank standard and NIST 2709a standard (y=0.9674x -0.0089, r
2 = 0.9998) were analysed at the start of scan sessions. The internal calibration factor was not altered. The NIST 2709a is a San Joaquin soil certified for most elements of interest in this research within the single calibrated sample. Soil samples were analysed using Mining mode (fundamental parameters), with 30-second scans for the main filter (50 kV, ≤50 μA), low filter (20 kV, ≤100 μA) and high filter (50 kV, ≤40 μA), and a 60-second scan for the light filter (6 kV, ≤200 μA). The “overall” number is the value of all detected elements combined and shows how much of the inorganic elemental portion of soil has been analyzed across all samples. The rest of the numbers are the detections of each element individually, provided as weight%.



2.5 Gas chromatography – mass spectrometry



2.5.1 Fecal steroid analysis

Total lipids were extracted from approximately 1 g of freeze-dried homogenised sediment using 5 ml DCM/MeOH (2:1 v/v) and using an ultrasonic bath for 30 min, this was repeated three times. Samples were centrifuged at 4 °C for 10 min at 4000 rpm to separate the solid pellet from the liquid fraction. The liquid fraction was removed and dried under a gentle stream of nitrogen gas. Following Bull et al. (45) extracts were saponified using 5M KOH in 90% MeOH, then separated into neutral and acid fractions using aminopropyl SPE columns (Phenomenex). The sterol fraction was derivatized by the addition of 50 µL pyridine and 50 µL N,O-Bis(trimethylsilyl) trifluoroacetaminde with 1% Trimethylchlorosilane (BSTFA + 1% TMCS), which was heated at 75°C for 30 min. GCMS analysis was preformed using a Waters TQ-GC. Chromatographic separation was performed on a Thames Restek (DB-5, 30 m x 0.25 mm ID x 0.25 µm). The following temperature parameters were used: 80°C to 265°C at 12°C min-1, then to 300°C at 10°C min-1, then held for 5 min. The analyzer was set to scan m/z 100-650. GCMS peaks were identified through comparison to standards and the NIST database.



2.5.2 Volatile organic compounds

Headspace Gas chromatography–mass spectrometry analysis was carried out using a TRACE GC 1300 gas chromatograph with ISQ quadrupole mass spectrometer (ThermoScientific Corporation). Chromatographic separation was performed on a ZB-1 (Phenomenex Ltd) fused-silica capillary column, (60 m x 0.25 mm x 1 µm). Oven temperature program was from 70°C (hold 2 min) to 300°C at 10°C min-1, hold for 5 min. The syringe temperature was 90°C, agitator was 60°C and the sample was held for 45 min in the agitator. The interface and the source temperatures were 250°C and 200°C, respectively. Electron impact mass spectra at 70 eV ionisation. The analyser was set to scan m/z 60-500. The mass spectrometer data acquisition was performed using Chromeleon 7.2.10. GCMS peaks were identified through comparison to standards and the NIST database and chemical standards.




2.6 DNA extraction

DNA was extracted from 0.25 g of each soil sample using the Qiagen DNeasy PowerSoil Kit following manufacturer’s instructions. DNA quality and yield were measured using NanoDrop 1000 spectrophotometer (V3.8.1, ThermoFisher) and agarose gel electrophoresis. DNA was stored at -80°C prior to analysis.



2.7 16S rRNA gene amplicon sequencing

The V4 region of the 16S rRNA gene was amplified using primers 515F (5’ GTGCCAGCMGCCGCGGTAA 3’) and 806R (5’ GGACTACHVGGGTWTCTAAT 3’). Resulting PCR products were subjected to pair-end 250 bp sequencing using Illumina NovaSeq 6000 platform (Illumina, San Diego, CA, USA) at Novogene (Beijing, PR China) at read depth of 30,000 tags per sample.

The raw sequencing reads were processed in FASTQ format and analyzed with DADA2 (version 1.16) and Bioconductor (Version 2) (46, 47). Reads were trimmed and filtered to remove data with a q score of <30. Forward and reverse paired reads were merged and clustered into Amplicon Sequence Variants (ASVs) (47). UCHIME was used to quality check and filter the FASTA formatted sequences for chimeras before assigning taxonomy using RDP14 reference database (48). Non-prokaryotic sequences (Eukaryota/Unclassified) were discarded.



2.8 Statistical analysis

Data were analysed in R 4.1.2 (49) using the car, DescTools and PMCMR packages (50–52). Data were analyzed using Kruskal-Wallis rank sum tests, followed by Nemenyi tests with Chi-Square distribution to identify significant differences between burial layers. Tukey box plots of the median and quartiles were produced using the ggplot2 package (53) to show the change in raw elemental concentration with increasing burial depth. The tidypaleo package in tidyverse (54) was used to produce stratigraphic plots of the moisture content and pH values against burial depth.

ASV tables and metadata were also analyzed using R. Samples were faceted to rarefy based on sequencing depth and ASV totaling less than 0.01% of the overall data set were removed, relative abundance data was compiled, and most abundant phyla and genera were sought. Stacked bar charts were created using ggplot (53) and reshape (55) and variation between groups was determined using significant differences identified using ANOVA and TukeyHSD tests within the readr package (56). Correlation was determined using Spearman Correlation analysis. NMDS with and without environmental variables were created using vegan version 2.6-2 and ggplot2 packages and Bray-Curtis distance matrixes. Significant affects were measured using ANOSIM. PICRUSt Heatmaps and dendrograms of the KEGG number were compiled using the base heatmap R package along with gplots (57). Taxa indicative of preservation were identified, and histograms generated following Linear Discriminant Analysis Effect Size (LEfSe) analysis completed in Galaxy (58).



2.9 Raw data

The raw sequencing data are accessible at the NCBI Sequence Read Archive (SRA) with the study accession number PRJNA928090.




3 Results


3.1 Environmental variables and inorganic measurements

pH values were comparable with previously published data from Vindolanda (10). Kruskal-Wallis tests showed no significant difference in pH level (χ2 = 84.79, df = 77, p = 0.25; 
Figure 2
) between occupation layers. However, significant differences were observed between moisture content and different occupational layers (χ2 = 98, df = 32, p < 0.001; 
Figure 2
).





Figure 2 | 
Summary of chemical data across layers. Error bars for pH, moisture, total nitrogen (TN), total carbon (TC) n = 2. The area in blue denotes the zone of vivianite formation observed (11).




Kruskal-Wallis tests showed a significant interaction between overall concentration and occupation layer (χ2 = 60.30, df = 10, p < 0.001; 
Figure 3
), with Kruskal-Wallis tests showing all elements except Mg were individually significantly different between layers. The combination of P, S and Fe content, with support by other elements, showed elemental concentration that supported the layers of preservation at Vindolanda. This supported the significant interactions between these three elements and decreasing burial layer (F10,88 = 117.21, p < 0.001 after log transformation).





Figure 3 | 
Elemental concentration of Al, Si, P, S, Cl, K, Ca, Mn, Fe and Zn. The area in blue denotes the zone of vivianite formation observed (11).





3.2 Fecal steroid analysis

Faecal sterols were determined from the occupation layers, confirming and identifying the presence of animals, such as horses in specific occupation layers. The total sterol composition differed between occupation layers. Period I evidence within layer 1 and 2 indicated faecal input (>0.7), with low percentages indicating herbivore faecal input. Layer 1 and 2 were contained within an anaerobic environment and display increased epi-5β-stanols (29). Layer 3 and 4, were dominated by period II to IV (92-120 CE), indicated as barracks and stable. However, the faecal input in layer 3 (period III) and 4 (period IV) were inconclusive, showing <0.7 for faecal matter content. It is interesting to consider layer 5 (period V, 120-130 CE) which is an extremely complex layer, the archaeological evidence suggests a cook house, where mixed animal faecal matter and animal fat may be present. Again, as expected in an anaerobic layer, the epi-5β-stanols were increased for this layer.



3.2 Alpha and Beta diversity using 16S rRNA gene amplicon sequencing

16S rRNA gene profiles showed microbial diversity, measured using Shannon Diversity index (H’), which did not significantly change across the soil profile with H’ varying between the lowest average value of 4.62 in layer 5 and the highest average value of 6.18 in layer 9. Shannon diversity significantly differed when comparing layers 0 and 9 with layers 1, 2 and 5 (
Figure 4B
). Diversity differed significantly when correlating H’ with Total C (ρ = -0.845 and P = 0.002) and H’ with moisture (ρ = -0.755 and P = 0.010).





Figure 4 | 

(A) Mean relative abundance of most abundant phyla across each of the site layers. (B) Changes in Shannon index with soil depth. Differences were compared using Wilcoxon test adjusted for false-discovery rate. A P value of <0.05 was considered statistically significant. Different letters above bars indicate significant differences between soil depths. Lines in boxes represent medians. The top and bottom of each box represent the first and the third quartiles, respectively. Whiskers indicate data ranges. (C) Spearman Correlation analysis showing correlation of relative abundance of most abundant phyla with depth, pH and moisture. Significant correlations are shown with an * and highlighted in red for positive correlation and blue for negative correlation.




Phyla within the different layers varied (
Figure 4A
). When the most abundant phyla were compared between layers it was found that several phyla varied with depth with Actinobacteria, Chloroflexi, Acidobacteriota, Methylmirabilota, Verrucomicrobiota and Nitrospirota increasing significantly with depth and Campilobacterota, Bacteriodota and Spirochaetota decreasing significantly with depth (
Figures 4A, C
). Changes in pH did not correlate with relative abundance of phlya. Moisture availability within the samples, which was increased in anaerobic layers 3 and 4 particularly, was correlated positively with significantly increased Firmicutes and Bacteroidota and correlated negatively with significantly increased Actinobacteriota, Chloroflexi, Acidobacteriota, Gemmatimonadota and Nitrospirota (
Figure 4C
).

NMDS showed significant differences between the community profiles linked to soil type (anaerobic, waterlogged or dry) (P > 0.001), layer depth (P < 0.001), and occupation status (P = 0.022) (
Figure 5A
). The impact of environmental variables pH (P = 0.007), moisture (P = 0.003), S (P=0.023) and total C (P=0.023) were seen to impact significantly on microbial community structure with moisture and sulphur concentration S associating with anaerobic and dry soils (
Figure 5B
).





Figure 5 | 

(A) NMDS using Bray distance matrices. Shape of points represents soil type and color of points represents occupation layer. (B) NMDS using Bray distance matrices with environmental variables overlayed. Points are colored based on soil types. Centroid shows center point for Occupation of soils (Occ) and soil type. Stress value = 0.1064.





3.3 Putative functional analysis using PICRUSt

PICRUSt was used to infer functionality from 16S rRNA gene profiles. The most abundant inferred KEGG matches did not show clustering based on sample depth (
Figure 6
) with layers 1, 2 and 5, the least diverse of the locations, showing the most marked difference. Clusters are observed separating layers 1, 2 and 5 (cluster 1) which are observed to contain buried turf, layers 3, 4 and 10 (cluster 2) which are the laminate and topsoil layers and layers 0, 6, 7, 8 and 9 (cluster 3) which contain clay. Cluster 1 showed increased likelihood of presence of putative proteins with KEGG Numbers K01995-k01999, protein associated with branched-chain amino acid transport, K00799 gluthathione S-transferase associated with xenobiotic metabolism, K02014, an iron complex transport system protein, K02029 an amino acid transport protein and K00249 an acyl-CoA dehydrogenase associated with lipid metabolism. Cluster 2 showed increased likelihood of presence of putative proteins with KEGG numbers K02031-K02035 peptide/nickel transport system proteins, K02025-K02027 multiple sugar transport system proteins, K02030 amino acid transport protein, K02003-K02004 ABC transport system proteins, K06147 ATP-binding cassette proteins, K03406 methyl accepting chemotaxis protein, K02015 iron complex transport protein and K02529 LacI transcription regulator protein. Cluster 3 showed increased likelihood of presence of putative proteins with KEGG numbers K02003-K02004 ABC transport system proteins, K00626 acetyl-coA C-acetyletransferase proteins, K01897 acyl-coA synthetase, K03704 cold shock proteins, K0915 glutamine synthetase proteins, K07165 transmembrane sensor protein and K02002 glycine betaine/proline transport system proteins.





Figure 6 | 
Heatmap showing most abundant likely KEGG numbered proteins associated with samples as inferred using PICRUSt. Soil layers are clustered into three groups: cluster 1, cluster 2 and cluster 3.





3.4 Microorganisms indicative of occupation layers

LEfSe analysis showed key phyla associated with occupation layers and soil type. At the Phyla level Gemmatimonadota, Desulfobacterota, Bacteroidota, Verrucomicrobiota, Planctomycetota, Patescibacteria, Acidobacteriota, and Crenarchaeota are all associated with dry soil within the upper layers. No Phyla were specifically associated with anaerobic or waterlogged layers. Significant genera within dry layers were the Bacteroidota Williamwhitmania and Acetobacteroides, Proteobacteria Aquaspirillum, Methylocystis and Sulfuricella and Desulfocapsa Desulfobacterota. Significant genera within anaerobic layers were the Firmicutes Erysipelothrix and Trichoccus, Proteobacteria Klebsiella, Comamonas and Herbaspirillum and Actinobacteriota Demequina (
Supplementary Data Figure 2
).

Specific Phyla associated with occupation layers were Bdellovibrionota, Bacteroidota and the Archaeal Crenarchaeota increased in silt within layer 8. Genera associated with occupation layers were Proteobacteria Vogesella, Rhodobacter and Comamonas associated with natural soil in layers 0 and 10, Proteobacteria Herbaspirillum and Archaeal Halobacterota Methanocella associated with floor layers 3 and 4 and Firmicutes ErysipelotrichaceaeUCG and Actinobacteriota Haloactinopolyspora associated with silt layer 8 (
Figure 7
).





Figure 7 | 
LEfSe analysis showing microbes indicative of occupational layers (top left). Relative abundance of significant Phyla and Genera shown in individual bar charts.






4 Discussion


4.1 Elemental distribution and preservation

The collection of artefacts and a wealth of anecdotal evidence from over 50 years of excavations at Vindolanda have reformed the knowledge of the Northern Frontier. These have survived due to complicated preservation processes that are not fully understood.

The pH level was stable throughout each layer however, significantly higher moisture content was observed with increasing depth. Elemental composition differed between the layers. In increased moisture layers, 3-5, there is increased S, decreased K and increased in Ca. Previously we have observed the same changes in S, K and Ca elemental composition associated with layers of good artifact preservation at Vindolanda (10). However, in layers 1 and 2, which contained the writing tablets, there is an observational change between all measured elements, the significance of this upon preservation, especially for wooden artefacts requires further investigation. Understanding this further could help determine a range of acceptable and measurable chemical parameters to show conditions which are favorable for wooden artefact preservation.



4.2 Fecal biomarkers and occupation

Triplicate sampling from Layers 1-2 (earliest Roman occupation) displayed significant concentration of fecal biomarkers (Table 1). There was evidence of horse fecal matter in layer 1 and 2, this correlated with visual excavation observations made by archaeologists at the site, which was backfill, debris, and an active path into the commander’s quarters. Furthermore, all samples were analyzed by headspace-gas chromatography-mass spectrometry (see 
Supplementary Data Figure 1
). Interestingly, only layer 1 displayed significant concentrations of α-pinene and β-pinene. Pinenes are a class of monoterpenoids often found in plants and α-pinene and β-pinene vary in concentration within plants throughout the year (60) The detection and significant concentration of these monoterpenoids tentatively allows us to explore occupation seasonality. For example, the concentration of monoterpenoids varies with season, with many plants only displaying significant concentration of α-pinene in summer periods (61). Furthermore, the detection of significant monoterpenoids supports the archaeological evidence that this layer was the result of a short occupational series, rapidly abandoned and covered with clay. The sealing of this layer coupled with the wet anaerobic conditions, prevented the expected release of the volatile terpenoids. In layer 4, the excavation uncovered kick boards often associated with stables; however, fecal matter especially indicating horse fecal matter was not determined. Further work is being undertaken to exploit information from bile acids and alkanes in these layers.



Table 1 | 
Summary of faecal steroid results.





4.3 Microbial community structure associated with depth

Understanding microbial activity is required for determining soil dynamics and preservation of artefacts at Vindolanda. The microbial community has been shown to change across a depth profile in a variety of different soil types (36, 62–65). This is comprehensively reviewed by (38). Typically, microbial richness decreases with depth (36, 37) with changes in community structure linked to nitrate availability (62), soil organic matter content (36) pH, and potassium availability (65).

Within this study we did not observe significant change in overall microbial diversity with depth. However, we observed increases in relative abundance of Actinobacteriota, Chloroflexi, Acidobacteriota, Verrucomicrobiota, Nitrospirota and Methylomirabilota with depth. Samples at shallower depths were more likely to contain Campilobacterota, Bacteriodota and Spirochaetota. This trend is similar to that observed by Prada-Salcedo et al. (66) across a depth profile within temperate European forests with the authors suggesting that the similar bacterial profiles observed at changing depth to be a result of the dominance of fungal communities within the ecosystem. Fungal communities were not measured in the current study but would have given increased insight into degradation capabilities within Vindolanda soil. Presumably the lack of microbial diversity change with depth observed here is due to more consistent soil nutrient availability within the layers. We assume that this is due to the preservation of the environments leading to increased nutrient availability than that usually observed in deeper soils.

In general, the soils at Vindolanda have found to be low in Acidobacteria (10). Global reference soil standards investigated by Janssen (67) and Dunbar et al. (68) show abundances of Acidobacteria between 10 and 50%, Acidobacteria are often correlated with pH variation which is shown to be relatively stable within this study. It would be expected that aerobic copiotrophic microbes such as Proteobacteria, Bacteroidota and Arthrobacter would be more associated with shallower soils due to increased oxygen availability and decreased soil compaction. The presence of these microbes would usually promote increased microbial transformation of nitrogen, carbon and sulphur (65).

We have observed increased relative abundance of Firmicutes and Bacteroidota within the anaerobic preservation layers at Vindolanda previously (10). However, in the same study we associated reductions in Actinobacteriota with soils showing increased preservation, a trend which is not observed here. Actinobacteria function and survive more efficiently than other phyla in resource-limited environments (69). Within the soils associated with optimal preservation (layers 2-5) we continue to see microbes such as Verrucomicrobiota which have a diverse range of carbohydrate degrading abilities (70) and their presence shows the potential for methane cycling and nitrite reduction within the environment (71). The increase in Nitrospirota shows potential for further nitrite oxidation and interaction with sulphur species (72).

As well as microbial richness bacterial and archaeal Shannon diversity index has also been shown to decrease with depth (64) often correlated with decreasing soil organic carbon. Within this study we did not see this correlation. However, this is possibly due to the high clay content in the upper layers. Typically, clay content and compaction increased with depth (73) impacting on soil physical characteristics and microbial diversity (64). Whilst the H’ did not correlate with depth here it did show significant correlation with moisture availability and total C possibly as a result of the various occupation layers of the site.



4.4 Occupation layer significantly impacted on microbial community structure

To allow for analysis occupation layers were broadly grouped depending on their characteristics. Different occupation layers showed significant clustering within NMDS which is not as a result of depth due to the differing occupation types being distributed throughout the profile. This was also observed within putative functional analysis carried out using PICRUSt and LEfSe. This could suggest that the occupation layer itself is impacting on the microbial community structure. The putative proteins shown to be increased in cluster 1 associated with turf layers show increased processes which are associated with plant health. Amino acid uptake has been demonstrated to increase in turf soil as the plants demand for nitrogen increases (74, 75). Iron complex transport has also been demonstrated by microbes associated with turf as they provide Fe to the plant root (76). Further analysis of microbes associated with preserved turf samples could begin to show how past cultures managed their land to ensure good growth.

ABC transporters are commonly found across all forms of life with soil microbes utilizing them to transport a range of compounds across their membranes (77). The varied dominance of difference ABC and sugar transporters within clusters 2 and 3 corresponding to laminate and clay layers could show the microbes responding to the varying nutrients available within the different layers. When adding lignin containing material like that of the laminate observed at Vindolanda to microbial communities Zhu et al. (78) found increased ABC transport and methyl accepting chemotaxis proteins similar to those found in this study. These results suggest that the preserved wooden artifacts at Vindolanda are impacting on the microbial community within the soil. As wooden artefacts are so well preserved at Vindolanda it would be interesting to compare these bacterial communities, and the fungal communities usually associated with wood degradation, within the preservation layers to adjacent, non-preserving soil.

There are few examples of microbial sequencing within archaeological sites. McNamara et al. (79) examined six samples from one room of the Mayan acropolis and found microbial communities associated with the surface and interior of the limestone ruins. Zanardini et al. (80) examined triplicate samples of two locations of one exfoliated stone window at Portchester Castle and found bacterial and archaeal communities within the stone pores. Both McNamara et al. (79), and Zanardini et al. (80), proposed the role of the microbes identified in degradation and weathering of the stone artefacts. Sun et al. (81) and Wang et al. (34), analyzed the microbial community of of soil samples found within the Liangzhu City archaeological site. Both studies found microbial communities taken from site locations differed to control samples and discussed the potential role of microbes within preservation and degradation of the artefacts. The work within the current studies supports these findings and shows that the presence of archaeological remains has an impact on the microbial communities present at a given site. What is unknown is the link such microbes have on the preservation and degradation of the artefacts themselves. Understanding this further could allow the identification of key taxa which could be seen as favorable or detrimental to archaeological preservation. Monitoring such taxa against changing climatic conditions could allow indications of environmental change leading to increased deterioration of artefacts in situ and the need for conservation action to be taken.

Our previous work at Vindolanda (10) showed marked differences in microbial profiles associated with occupation compared to a lack of occupation. Margesin et al. (69) showed that microbial profiles shifted related to locations within a 6th century archaeological site buried at 90 cm depth. Here samples associated with a fireplace differed to those within areas used for food waste disposal. Expanding the combined approach of chemical and microbial mapping will be invaluable for future research.

Within this study we found phyla and genera associated with specific occupation layers. Herbaspirillum and Methanocella were increased within laminate floor layers. Methanocella are methanogenic and usually associated with rice-field soils (82). The anaerobic conditions at Vindolanda could favour the growth of such microbes allowing methane production within the soils. Herbaspirillum is a nitrogen fixing bacteria known to colonise plant material and find conditions of increased phosphorus favourable (83).

We have identified Vogosella, seen here to be increased within the natural soil layers, previously at Vindolanda. Previously, Vogosella were associated with areas of good preservation (10). The environmental conditions allowing preservation of artefacts are allowing proliferation of different microbes at different layers. Identifying microbes which are indicative of areas of preservation and occupational contexts will allow further understanding of processes occurring in the soil.

Studies of archaeological sites questions whether we are observing a microbial community from the present which are still responding to the artefacts and environmental conditions they are surrounded by or are we observing a microbial community which is representative of activities associated with the past and the period in which the occupation was taking place. The former seems the most intuitive. However, other studies have detected microbes which are assumed to be associated with the artefacts at time of burial. Some recent studies have aimed to identify ancient microbes with energy-starved prokaryotes being shown to exist for thousands of years within marine sediments (84). The authors attributed this action to the production of chemical protectants which allowed biomolecular stabilization. It is thought that certain metabolic pathways, particularly those associated with sulfate reduction, fermentation and methanogenesis may still be detectable over long time frames and have environmental impact on nutrient cycling and gas release today (85). Live yeast cultures have been isolated from ancient vessels dating to Egyptian and Bronze age (86). Weyrich et al. (87) detected Methanobrevibacter within the teeth of a 40,000 year old Neanderthal which were thought to have colonized at the time. When different aged Siberian permafrosts were studied ageing between 33,000 and 1.1 ma younger sediments were found to be dominated with Actinobacteria and Proteobacteria and older sediments with spore-forming firmicutes potentially confirming the resilience of certain microbes over others (85). Tentatively, the linkage of microbial communities to occupation type within this study may show that signatures of the community present at the time of occupation may still be evident. Regardless, at Vindolanda the level of preservation observed within the occupation layers allows the original environmental conditions needed to support microbial communities to be preserved. This results in a microbial community which is does not simply result from depth profile change.




5 Conclusion

We observed varying environmental and microbial signatures within the soil profile. Whilst some of these responded to depth and soil type trends showing correlation with occupation were also observed. Further investigation of archaeological soils could allow us to understand the relationship between soils and the artefacts that reside within them. Utilizing surviving chemical and microbial indicators in the soil increases the confidence archaeologists have in their understanding of the design and function of spaces allowing further sense checking and opening up new avenues of investigation. Understanding microbial and chemical pathways can improve excavation practices and aid our knowledge of preservation processes upon artefacts. Crucially, further work understanding how changing environmental conditions, for example those associated with climate change, impact on the activity of key microbes associated with artefacts preservation within the ground could allow for timing of excavation and storage of artefacts to be optimized. Finally, if we can use ancient soils to see glimpses of microbes from the past this may allow us to understand nutrient cycling and processes happening at the time. This allows for a more detailed picture of past environmental conditions to be gleaned and allows us opportunities to understand how our environments may change in the future.
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