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[bookmark: _las8u8epnei7]Supplemental 1: Glossary
Pathobiology within this paper refers broadly to the study of pathogens, including viruses, bacteria, protozoans, endo- and ectoparasites associated with a vertebrate animal of interest and the underlying biological mechanisms of host–pathogen interactions and how pathogens impact or associate with tissues, immune function, hormones, among other organism functions.
A voucher A voucher is a preserved whole or partial organism, accompanied by associated collection and identification data, that serves as a permanent, verifiable physical record of an organism [1]. In vertebrate research, vouchers commonly refer to whole organisms (lethal sampling) but may also comprise a substantial part of an organism (e.g. whale bone) or multiple tissue types for identification and documentation of that specific organism in time and space [1–4].
Extended-specimen is the concept that a specimen provides holistic data beyond itself, providing more context on genetic, environmental, taxonomic, host-pathogen evolution, epidemiological data, etc. [2, 5–7]. Supplementary (meta)data collected with a biodiversity specimen can include habitat data, life history stage, reproduction, activity, images, CT scans, but also parasites, bodily fluids, tissues and more. 
Biobanking is the practice of systematically collecting and preserving biological materials, typically at low temperatures, along with associated data, for long-term storage and research use [8]. Biobanking helps maintain and preserve genetic material for future studies that would otherwise not be available. 
Cold chain refers to the temperature-controlled supply chain units used to store samples from time of collection to analysis. 
Strong cold chain: immediate access to LN2 or dry ice to flash freeze samples in the field and subsequently store samples in LN2 or at ULT (-70ºC or -80ºC) for long term storage.
Weak cold chain: Access to store samples at 4–8ºC immediately (via fridge, freezer blocks or cooler, and subsequently at (at least) -20°C within 7–14 days for long term storage.  
Cryovials, or cryogenic tubes, are specialized polypropylene tubes intended for biological material samples stored at ulra-low temperatures, typically made with threaded caps, gaskets/0-rings, and flat bottoms. 
 Serum is the portion of blood that contains antibodies, enzymes, hormones and other molecules, but no cells, platelets or clotting factors [9–11]. It is obtained by centrifuging the whole blood after it clots [10]. 
A buffy coat is a thin whitish layer that forms between the upper plasma and lower packed red blood cells, after centrifuging [12, 13]. The buffy coat is typically rich in white blood cells and platelets [12, 13].
Plasma, as opposed to serum, consists of clotting factors as well as antibodies, hormones, enzymes, salts, minerals and proteins [10]. Plasma can be isolated from whole blood by adding anticoagulant like EDTA or citrate [14] to the sample or using an anticoagulant coated tube and then spinning down and extracting the lighter colored top layer [15]. 
Peripheral blood mononuclear cells (PBMCs) are defined as any blood cell with a round nucleus including lymphocytes, monocytes, natural killer (NK) cells, and dendritic cells [16]. They are isolated from whole blood via density-gradient centrifugation, a process that removes red blood cells and granulocytes, leaving PBMCs concentrated in the resulting buffy coat layer. In the field, this isolation is typically performed using specialized cell preparation tubes [17] or tubes pre-loaded with a density-gradient medium (e.g., Ficoll), which separate the buffy coat, followed by lysis of residual red blood cells to yield a purified PBMC fraction [18].
Red Blood Cells (RBCs), or erythrocytes, are the most abundant cells in blood and primarily transport oxygen and carbon dioxide throughout the body [19]. They are cells that comprise the packed, darker colored portion of blood following centrifugation and can be separated from plasma and other blood cells during sample processing typically with use of a sterile plastic spatula.
Ectoparasite is a parasite that lives on the exterior of its host, such as lice, fleas, ticks, and leeches. Ectoparasites feed on the host’s blood, skin, or feathers and may cause pathology (such as the scabies mite) or be vectors for pathogens.
Endoparasite is a parasite that lives within the interior of its host, such as helminths and protozoans.
[bookmark: _adpim8h93gpg]Supplemental 2: Additional Samples: Ectoparasites, Hair or feather clippings, Organs, and Epigenetic Tissue samples
[bookmark: _hnh73picmbuc]2.1 A note on uses of plasma and serum: 
Serum is typically preferred over plasma for RNA preservation [20–22]. In terms of serological use, both serum and plasma can be used in ELISA, Luminex and Western blots; however, the performance of each and optimization of each may differ [23, 24]. The addition of anticoagulants (often salt based) may affect binding during immunoassays, as well as concentrations of cations which may affect assays [11, 25–28]. Some studies have had more consistent results from plasma compared to serum, potentially due to some processes that occur during blood clotting, which are essential to the collection of serum and are prevented in the collection of plasma [29–31]. The process of clotting that is necessary to obtain serum may lead to the increase of platelet components, including potassium, serotonin, neuron-specific enolase, and the release of ammonia derivatives from fibrinogen [24]. Likewise, due to continued cellular activity during coagulation, levels of glucose, proteins used in clotting, and platelets may be altered [195, 198]. Thus, for studies on analyses such as neuron-specific enolase, serotonin, and ammonia, plasma would be preferred. This tends to be the case for nutritional and hormonal studies. For some example, plasma has been used to study insulin [32] in squamates, catecholamines and metanephrines [33]; steroid hormones including corticosteroids and testosterone in birds [34–36], mammals [37] and fish [38] and is typically used to measure homocysteine, a nutritional biomarker [39, 40]. That said, each hormone and analyte differs: for example, in equids, insulin was found to be more stable in serum than plasma [41].
Researchers must choose the anticoagulant for plasma samples carefully based on their interests [23, 25, 31, 42–44]. See the supplemental document for a detailed review of the literature on the use of serum and plasma across different analytes.
In summary, serum has been validated more widely for serological and immunological studies and some anticoagulants used in plasma degrade RNA.
[bookmark: _lv9fra24fdtq]2.2 Ectoparasites
[bookmark: _ltmflquta1us]Rationale
Collecting ectoparasites - typically macroscopic parasites that live on the host, sometimes serving as vectors of pathogens such as viruses or bacteria - individually or collectively in tubes can be used for general ectoparasite studies [45, 46], host evolutionary studies [47], seasonal variation in ectoparasites [48], pathogen dynamics between those ectoparasites and the host species [49–51], and more [47].
When processing an individual animal, remove all ectoparasites into vials and as with all other associated samples obtained, be sure to keep track of the associated specimen number with the ectoparasites on the tube label. 
[bookmark: _smmrc388aak7]Primary suggested collection method
It is best to collect all species of ectoparasites into distinct tubes (i.e. ticks in one tube, fleas in another), but if this is not possible in terms of time, storage, or identification ability, it is sufficient to collect each individual host’s ectoparasites into a single composite “ectoparasite” tube.
If the study aims to identify viral RNA pathogens vectored by these ectoparasites, then the collection of samples into DNA/RNA Shield™ [52, 53] or similar RNA preserving buffer is recommended as best practice. Freeze these samples as soon as possible at -80ºC, ideally, or at -20ºC. 
[bookmark: _j0dmy2960u4w]Secondary suggested collection method
If the study does not aim to identify RNA viruses vectored by these ectoparasites, a cheaper option that preserves DNA is to store these ectoparasite samples in cryovials of >95% EtOH with at least a 5:1 buffer to ectoparasite volume, which will retain DNA data [48, 54, 55]. In the case of preserving morphological features, teams may consider lower concentrations of EtOH which is preferred for morphological preservation of invertebrates [55, 56]. These samples are shelf stable, but it is best practice to freeze as soon as possible at -80ºC, ideally, or at -20ºC. 
[bookmark: _dn7sh5mnwuz4]2.3 Hair or feather clipping
[bookmark: _pattxdouwrek]Rationale
While hair or feather clippings are not pathogen samples, we include this section due to this sample’s long maintained history of use in larger studies associated with morbidity or other expression of health-related factors that can tie into pathobiology: hair or feather clippings can be used for toxicology/mineral analysis [57, 58], stable isotope for diet analysis [59–61], and hormone assays including glucocorticoid levels for stress analysis [35, 62–64], see a full list of uses in [6]. Given the ease of collection and storage, hair and feather clippings can be incredibly useful samples for long-term storage. In fact, recent work has used historical collections of hair and feathers to elucidate the impact of climate change on small rodent populations [65] as well as aerial insectivores [66] and to reconstruct the diet and health of historical human populations [67]. While traditional museum collecting missions typically include the collection of study skins, ensuring the proper treatment of handling of these specimens will allow for continued use of these sample types [68–70].
[bookmark: _vo73x4n7eb0g]Primary suggested collection method
Researchers should collect hair or feathers in the manner outlined by the SOP/ACUC guidelines for the SOI. As a general rule, it is advised to collect at least 3mg of hair/fur/feathers and no more than 10mg [62]. Hair samples can typically be stored in a coin envelope or similar package and do not have to be frozen. Hair roots do not need to be included, thus a small clipping is possible. It is recommended that the feather or hair from each individual be taken from a standardized anatomical location to ensure comparability across individuals. Depending on the environment, researchers should take care to allow fur or feathers to dry properly prior to storing them in envelopes, as this will prevent mold (the use of a silica pack might help preserve them over time).
[bookmark: _hp7vneik6126]2.4 Organ tissue samples
[bookmark: _7gbmt9uucbvs]Rationale
If and when performing an opportunistic necropsy, in addition to the pathobiology-associated samples described in this paper, it is recommended to take the voucher specimen (the whole organism) if possible. Preserving a voucher specimen with extended samples is still the gold standard for pathobiology studies. Vouchers provide the ability to verify or address taxonomic uncertainties and misidentifications, connect morphology and genome studies, enable future research, and more [2, 71, 72]. As part of pre-expedition preparation, teams should consult with the project’s institution or a partner institution about voucher sampling and storage, and collect the voucher specimen according to institution, export and travel restrictions (i.e. whether this voucher sample should be collected as “liquid” (e.g. formaldehyde, ethanol) or “dry” (e.g. skin, skeleton)).
Organ tissue samples can be used in a myriad of studies regarding pathobiology, diet, disease and more. In the case of an opportunistic necropsy or lethal sampling, we suggest collecting the following samples: liver, kidney, spleen, sections of the gastrointestinal tract, as well as, if space allows, heart, lung, muscle and gonads [3, 54, 73, 74]. Liver, kidney, and spleen samples are standard tissues for viral studies [71, 72, 75, 76]. SOP at natural history institutions also typically suggest taking heart, lung and muscle samples, exactly which muscle to sample may depend on the species [3]. 
Sampling contents or parts of the gastrointestinal system can give different information than fecal samples alone [77]. There does not yet seem to be consensus on which parts of the gastrointestinal tract to sample or to prioritize, and it has been noted that a universal protocol for this would be challenging due to species size and endoparasitic differences [47]; options include the stomach contents, sections of the large and small intestine [54], distal intestinal mucosa [77], and cecum content [78]. The literature on the SOI should be consulted to determine which sections are most relevant. 
[bookmark: _d50rag8rigpe]Primary suggested collection method
For each of these organs (liver, kidney, spleen, lung, heart, muscle, gonads, selections of the gastrointestinal system) we suggest extracting a small piece of the organ and placing it in a cryovial with DNA/RNA shield™, RNAprotect®, homemade NAP or a similar DNA and RNA preserving buffer. Although collecting tissues into tubes without buffers poses a degradation risk in the presence of cold chain failure or repeated freeze-thaw cycles [76], tissues preserved without buffer and immediately flash frozen in LN2 remain the gold standard for whole genome sequencing [73, 79–81], and therefore in the case that there is remaining tissue from the aforementioned organs and available resources, it is ideal to preserve a portion of the tissue in a tube with no buffer, flash-frozen in LN2. We recommend that at least one tube of tissue, preferably spleen given its high DNA yield [79], be collected without a buffer. The ratio of buffer to tissue sample is important: the tissue must be sufficiently submerged in the buffer and the buffer must penetrate the entire tissue to prevent rot. If tissues are large, cut a 0.5cm x 0.5cm size (about the size of a pea or grain of rice) and place it within a cryovial of centrifuge size (e.g. 1mL or 1.5mL) with roughly 500μL or 600μL buffer. Follow buffer protocols, some of which, such as RNAlater®, necessitate time at 4ºC for the buffer to penetrate the tissue before freezing or decanting the buffer after absorption prior to freezing [74]. DNA/RNA Shield™ does not need to be decanted and typically inactivates pathogens, as stated in Section “Storage Buffers”, and therefore may be preferred over RNAlater®. Freeze for long term storage at -20ºC (stable for at least 1 year; [74]) or -80ºC as soon as possible. Collecting organ samples in aliquots (e.g. two samples of liver in two separate vials) allows for repeatability and a variety of studies to be carried out. If the budget and storage space allows, take at least 2 aliquots of each organ, one in buffer and one without buffer if resources allow. If endoparasites are found in the necropsy process, [54] suggests (at least for mammal vouchers) to store these endoparasites in 80% EtOH. [82] (bats) and [47] (birds) provide helpful guidelines for reducing contamination during the organ sampling process. 
[bookmark: _wxsw7nq6haep]Secondary suggested collection method
If the budget is limited, use DMSO buffers or EtOH/EDTA buffers [83–85]. As stated in the storage buffer section, these preservatives will preclude RNA studies, and in the case of DMSO, epigenetic studies. While shelf stable for DNA for 2 years (DMSO/EDTA) or indefinitely (EtOH), it is always good practice to freeze these samples as soon as possible and keep the samples at -80ºC, ideally, or -20ºC [84, 86].  
[bookmark: _sgmb79qsrxon]2.5 Epigenetic aging tissue biopsy
[bookmark: _3st1h0el9kt4]Rationale
While not strictly a pathobiology sample, an epigenetic aging tissue sample can be extremely useful in tandem with pathobiology samples and expanded specimen metadata in the study of disease ecology. Age is a key covariate in infection dynamics: susceptibility to infection, immune competence, pathogen shedding intensity and more can vary substantially across age classes [87]. This tissue sample can be analyzed for the age of the individual, allowing age to be incorporated as a variable for/when interpreting pathogen prevalence, shedding patterns, immune response across a sampled population, infection dynamics and population viability [88]. Many species have, or have in development, an epigenetic clock whereby DNA methylome measurements of a specific tissue sample are used to determine age [89–94]. 
If determining molecular age is of interest, we advise researching whether an epigenetic clock has been created for the SOI and collecting the tissue sample used to model the clock. For example, bat epigenetic clocks have been established for wing punch samples [95, 96]. 
[bookmark: _j75d80f4bfb0]Primary suggested collection method
If following an existing protocol for epigenetic aging of the SOI, follow the previously set example. Otherwise, this tissue sample is typically stored in a cryovial with 80%–100% EtOH [91]. Ensure at least a 5:1 EtOH to sample ratio and be mindful of evaporation [85]. In general, these samples can likely be stored at ambient temperature for 7-14 days in 95% EtOH according to [73] and [96], but the exact time of storage prior to freezing -20ºC or -80ºC before methylome quality degradation is not known.
This sample can also be collected using DNA/RNA Shield™ or similar RNA preserving buffer, but as this evaluation does not need quality RNA there is no reason to spend more money on those buffers as opposed to EtOH, which is typically cheaper. Do not store this sample in DMSO: as stated in Section “Storage Buffers”, DMSO degrades the methylome and renders the sample unusable for epigenetic aging.
[bookmark: _f54elwfk8hkd]Supplemental 3: Additional Resources / Annotated References 
[bookmark: _p6pe7q7nki]3.1 Field Centrifuges 
There are portable battery powered centrifuges available for field use. Ultra-low-cost, non-electric centrifuge options have also been developed for resource-constrained field settings, including the hand-powered "paperfuge," a device constructed from inexpensive materials capable of reaching rotational speeds of up to 125,000 r.p.m. (30,000 × g) and processing sample volumes as low as 10 µL [97], as well as subsequent modifications such as a 3D-printed, multi-sample design accommodating at least 8 samples simultaneously, and the "CentREUSE," a discarded-materials-based adaptation that extends usable sample volume up to 1 mL [98] that expand the throughput and volume capacity of paper-based centrifugation.
[bookmark: _7t2ea7dpqxwo]3.2 General Recommended Collection Practices
In general, we would like to emphasize a few practices that are most useful for lab processing and sample use for downstream disease-based studies.
[bookmark: _8li9hchhkokd]Cryovials
It is best for spillage protection and sample integrity to store all frozen tissue and liquid samples in outer threaded screw-top cryovials. Storing samples in Eppendorf tubes will leave them liable to burst open or “explode” upon freezing and/or thawing. Screw-top tubes with outer threading are preferred to avoid sample collecting on the internal threads. Anecdotally, inner-threaded tubes have been known to explode upon opening if frozen while non-vertically oriented and lose sample volume in the inner threading. It is further recommended to use screw cap vials with rubber barriers, such as gaskets or O-rings to reduce any evaporation or leaks.
[bookmark: _d4fzr12u12m6]Tube Labeling
It is best practice to label all tubes with a permanent marker and an etcher/scriber (or other permanent labels including polyvinyl adhesive stickers). In our experience, markers can be easily washed off with ethanol or freezer burn, though ‘ethanol resistant’ sharpies/pens do exist, such as archival pens but produce mixed results. We suggest additionally labeling the vials using a scriber, mechanical or electric, for extra labeling security. These scratch pens also work on glass microscope slides for labelling blood smears. On filter paper, we recommend labels be applied with pencil as pen ink may bleed and contaminate when eluting the sample later. If scratch pens are not available, using an adhesive label and scotch tape overtop can help prevent any loss of information. Some labs label sets of tubes ahead of time, whether by hand or by printing on adhesive labels. Some teams use adhesive labels with a barcode system [99]. The advantage to this is saving time spent labeling in the field and having tubes ready for animal processing; disadvantages include wasting tubes and/or labels if every sample is not collected as predicted, although utilizing a barcoding system can eliminate this issue and provide an effective means for tube tracking and installation.
It is always advised to label tubes with the field number referring to that individual organism, sample type, buffer, and locality code. This information should be stored in a datasheet (written, electronic, or preferably both) in addition to the vial.
[bookmark: _e93dqwiko860]Datasheets / Field Notes
We highly recommend recording details about sampling methods in field notes or directly on each day’s datasheet. It is vital to record the sample type (e.g. tissue type, swab fluid, whole blood or serum, etc.) and buffer type used for each sample in the field notes. If recorded on paper, these notes should be copied and collected into a digital database as soon as possible. Knowing what tissue a cryovial contains determines what information can be extracted from it, and knowing the total count of samples for that tissue helps prioritize which questions to investigate. Furthermore, lab scientists must know what buffer or preservative agent the sample is stored in in order to select the most compatible processing kit or procedure when processing. Overall, detailing this information will streamline lab processing down the line. 
Information typically recorded and needed in datasheet and/or field notes in association with a sample include: collection date, time of day, weather conditions, collector names, collection method, collection locality including GPS points and altitude, taxonomic ID of specimen (and host, if relevant), life history (sex, life stage and/or age class, reproductive status), standard morphometric measurements including mass, PIT/band/ring number, body or wing molt, environment/habitat information, behaviour notes and it is encouraged to record in the same entry for the individual the pathobiology samples taken such as: fecal swab, urine swab, throat swab, skin swab, cloacal swab, whole blood, serum, RBC, DBS/DSS, fur/feather/hair, epigenetic tissue sample, and ectoparasites identified by type and number of type; as well as what buffer each sample was stored in, the estimated tissue volume, buffer volume, and the cold chain used for these samples. It would be best for collectors and pathobiologists to discuss what form collection sheets should take: for example specimen collection sheets that include extended specimen samples, like tissue samples associated with a certain specimen, allowing those samples and specimens to be linked (See Supplemental Figure 01). An example for birds can be seen on page 162 of [47]. It may be easier to use horizontal datasheets in the field; see Supplemental Figure 02. If conducting a catch-and-release study, there can be a check box for necropsy and a separate necropsy datasheet where entries should include cause of death, preparation type of the whole organism (if relevant; e.g. skin, skeleton, EtOH or formalin preserved), time since death prior to organ collection, which organs were sampled, information relevant to the reproductive status of the individual (e.g. placental scars, embryos, internal or external testes), stomach contents, endoparasites, buffers and cold chain of any and all samples taken, as well as any visual indications of disease.
It is also important to add to the data collection the location of the sample as soon as it is housed: which freezer, shelf, cryobox, and cryobox location. Many museums, labs and researchers develop a locality code specific to freezer location. This needs to be updated as the sample is used and or moved. This again helps with streamlining downstream analyses allowing researchers to quickly count and locate available samples. 
Supp Fig. 01 Example of an integrated field expedition sheet (see attached). This field expedition sheet is a draft and is untested; customize before use. This is crafted in the style of museum collection datasheets and can likely be condensed to a smaller size either by workshopping or by individual teams that are consistent in buffer choice. This does not include a necropsy sheet.
Supp Fig. 02 Example of a horizontally oriented extended specimen datasheet  (see attached): Adapted from one successfully used in capture-and-release field studies on fruit bats used in studies including: [48, 49, 100–103]. Unique ID refers to the Passive Integrated Transponder (PIT) microchip identification tag for that individual (might instead be an ear or thumb tab, or similar identifier), whether a recapture or new capture; Sample ID number consists of locality code and a unique number, e.g. MAD123; Fed before processing should identify if the mammal is fed peanut butter, oats, bananas, etc. in the process of capture before processing, ectoparasite numbers collected include bat flies (BF), Megastrebla (MS), flea (F), mites (M), and ticks (T); swab abbreviations: urine (UR), fecal (FEC) and throat (THR) to be recorded as how many swabs taken in individual vials for each individual; “thin slides” refers to blood smear microscope slides; and finally, “filter paper” refers to DBS. “YOY” stands for “young of the year”.
[bookmark: _6jjxdixhfzwr]3.3 Helpful Papers  / Additional Resources
Buffer choice: In addition to this paper, review these helpful guides for buffer choice: [20, 27, 85, 86, 104]. 
[2] provides a well laid out workflow for integration of extended specimen data, considerations prior to collection, archiving, data storage, and more.
[105] provide a guide for best practices both for collectors and museum staff in terms of practical organization and integration.
[99] discusses how animal biobanks and cryogenic collections are emerging infrastructures in zoology and related sciences, storing frozen biological samples long-term in anticipation of future research needs; and the vital need for careful integration of physical samples with metadata to ensure that stored materials can be meaningfully rediscovered and reused as technologies evolve.
[6] is a review of non-invasive wildlife sampling for pathobiology studies highlighting useful samples and underutilized technologies
[106] is a useful framework for project management from study design through to analysis.
[47] provides a comprehensive overview of methods for pathobiology associated samples for aves field studies giving previous examples of pathobiological studies, protocols for blood sampling for the study of parasites, field notebook examples, protocols for ecto- and endoparasite collection, preparation and curation, and more. This article is applicable in many ways to other integrating pathobiology sampling into vertebrate systems beyond aves.
[107] provides a guide to sampling marine mammals that also very useful for other vertebrate studies for the use of samples for genomics, metagenomics, metabarcoding, transcriptomics, proteomics, metabolomics and epigenomics as well as for the study of pollutants, toxins, stable isotopes, and hormones. This paper outlines general sample collection recommendations and includes a helpful chart of common types of biospecimen samples, common preservation methods (namely DMSO, DESS, EtOH, Dry, EDTA, & RNAlater®) and their suitable analytical approaches.
[82] has provided a fantastic guide to bat sampling for eco-epidemiological studies. Their field guide is helpful for general guidelines for vertebrate sampling for eco-epidemiological studies as well. 
[108] presents a succinct overview of preserving field-collected samples to maintain DNA integrity based on [85] as used by the Québec Centre for Biodiversity Science. Though now dated, the questions posed to be addressed before fieldwork are relevant.
Other Resources:
Global Biodiversity Information Facility (GBIF, https://www.gbif.org/) is an international network of governments and scientific institutions that provides open access to biodiversity data from around the world. It serves as an open source global data portal for species occurrence data (including historical occurrence data, for example, derived from collector field notes or DNA from museum specimens) and encourages data sharing and the use of standardized data formats like Darwin Core. 
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