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Introduction: Biological soil amendments, including raw or untreated manure, are currently used to improve soil fertility, especially in organic operations that prohibit use of synthetic fertilizers. However, addition of untreated manure may pose a risk of contamination of fresh produce by pathogens of public health significance, including Listeria monocytogenes. Organic growers follow United States Department of Agriculture (USDA) National Organic Program regulations for raw manure use, which stipulate that harvest should commence no earlier than 90- or 120-days post-application, depending on direct contact between the edible portion of the produce and the soil. To inform the protection that such time-intervals provide, this study explored the farm-level risk factors associated with L. monocytogenes prevalence in USDA-certified organic farm soils amended with untreated manures.

Methods: A longitudinal, multi-regional study was conducted on 19 farms in four states (California, Minnesota, Maine, and Maryland) over two growing seasons (2017 and 2018). Untreated manure, soil, irrigation water, and produce samples were collected and cultured for L. monocytogenes. Mixed effect logistic regression was used to investigate risk factors associated with L. monocytogenes prevalence in soil.

Results and Discussion: Results showed that multiple factors influenced the odds of a soil-positive sample, including temporal [year (OR = 0.19), sampling day (OR = 0.09–0.48)] and weather-related [temperature range (OR = 0.48)] variables, manure characteristics [season of application (OR = 0.04, summer), presence of L. monocytogenes (OR = 2.89) and other pathogens in manure (OR = 5.24)], farm management factors [water source (OR = 2.73, mixed), number of year-round staff (OR = 0.02)], and soil characteristics [concentration of generic Escherichia coli (OR = 1.45), moisture (OR = 0.46), organic matter (OR = 7.30), nitrate (OR = 3.07), potassium (OR = 0.09) and calcium (OR = 2.48)]. This study highlights the complexity of L. monocytogenes prevalence in soil and contributes science-based metrics that may be used when determining risk-mitigation strategies for pathogen contamination.
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1. Introduction

Globally, organic agriculture has experienced substantial growth in recent decades, with growth rates of 20% per year in some countries (Rana and Paul, 2017; Willer and Lernoud, 2017). The United States (US) ranks third in worldwide organic industry production, accounting for approximately 2.2 million hectares of organic growing land and profits of nearly $43.3 billion per year (Willer and Lernoud, 2017). The rapid increase in consumer demand and consumption of organic produce has been attributed to the perceived benefits, both nutritionally and environmentally, of organic farming compared to conventional farming (Lotter, 2003).

Organic farming is based on the principles of health, ecology, fairness, and care, and focuses on sustainable practices (Luttikholt, 2007). Therefore, regulations prohibit organic farms from using synthetic fertilizers and pesticides, and organic producers must find other ways to supplement their fields. Application of biological soil amendments of animal origin (BSAAOs) and other nutrient and crop management techniques, such as the use of cover crops, crop rotation, and intercropping with nitrogen-fixing crops are frequently utilized by organic farmers (Rosen and Bierman, 2005).

As defined by the US Food and Drug Administration (FDA), BSAAOs are soil amendments, partially or wholly composed of animal waste and other byproducts, including, but not limited to, raw or untreated manure, animal carcasses, swine slurry, and poultry litter (FDA, 2015b). Use of these natural alternatives has numerous benefits for the soil quality, including increasing organic matter and nutrients in soil, water retention, drainage, and aeration (Rosen and Allan, 2007). However, many of the animal sources of such amendments (e.g., cattle, sheep, and poultry) are known sources of foodborne pathogens that are often linked to fresh produce outbreaks, such as Escherichia (E.) coli O157:H7, non-O157 Shiga toxin-producing E. coli (STEC), Salmonella spp., and Listeria (L.) monocytogenes (Whipps et al., 2008; Olaimat and Holley, 2012). Therefore, while the use of BSAAOs offers multiple benefits, it also risks introduction of foodborne illness pathogens into the field, creating potential for contamination of produce (Nightingale et al., 2004). Currently, certified organic producers follow US Department of Agriculture (USDA)-National Organic Program (NOP) standards for incorporation of raw manure to mitigate the contamination risk, and these differ between crops whose edible portions do and do not come into direct contact with the soil amended with raw manure (FDA, 2015b; USDA NOP, 2018). For crops not directly in contact with soil, e.g., tomatoes and peppers, a 90-day minimum interval between raw or incompletely treated manure incorporation and the crop harvest is required. In contrast, a 120-day minimum interval is required for crops that directly contact the soil, e.g., leafy greens and root vegetables (USDA NOP, 2018). However, these intervals are based on the production cycle and environmental factors, and do not take into account other on-farm factors that may contribute to pathogen survival and potential crop contamination. A multitude of factors, including pathogen, animal manure, and soil types, as well as environmental conditions, are known to influence the persistence of pathogens in the soil, and their potential to contaminate fresh produce (Harris et al., 2003; Hutchison et al., 2005; Erickson et al., 2014; Sharma et al., 2019; Limoges et al., 2022). There is currently minimal research to support the NOP interval guidelines, and the Produce Safety Rule (PSR) of the Food Safety Modernization Act (FSMA) has not specified its own interval standards for raw manure; instead, the FDA is waiting until more data has been collected to make a final ruling (FDA, 2015a, 2018).

The wide natural distribution of L. monocytogenes across environments and hosts provides extensive opportunities for transmission to foods, including fresh produce specialty crops that are consumed without cooking. L. monocytogenes has been isolated in non-agricultural and agricultural environments (Linke et al., 2014; Harrand et al., 2020; Liao et al., 2021). For example, manure contaminated with L. monocytogenes used to fertilize a field can introduce the pathogen into the soil (Jiang et al., 2004). Additionally, studies have shown that L. monocytogenes may survive at detectable levels in soil for 128 days after manure application, allowing for potential contamination of produce by soil cultivation, splash events or contaminated water (Weller et al., 2016; Harrand et al., 2020). Foodborne illness outbreaks caused by L. monocytogenes, while relatively uncommon, can result in high morbidity and mortality, especially in pregnant, immunocompromised, and elderly individuals, with case fatality rates reaching approximately 20% (CDC, 2013; Pohl et al., 2019). While many listeriosis outbreaks are linked to contaminated animal products (e.g., deli meats, soft cheeses), several outbreaks have involved fresh produce as the vehicle of transmission in the US over the past decade, including cantaloupes in 2011, bean sprouts, caramel apples, nectarines, and peaches in 2014, fresh packaged salads in 2016 and 2021, and enoki mushrooms in 2020 and 2022 (CDC, 2013, 2023; Garner and Kathariou, 2016; Townsend et al., 2021).

Studies have shown that environmental factors have a positive association with L. monocytogenes detection and isolation (e.g., soil, water, vegetation) (Ivanek et al., 2009; Harrand et al., 2020). Additionally, adjacent land use for livestock pastures was associated with the prevalence of L. monocytogenes in agricultural fields (Harrand et al., 2020). Manure application, soil cultivation, and wildlife intrusion have also been shown to increase the risk of L. monocytogenes contamination of produce fields (Strawn et al., 2013b). However, many studies reporting on such risks were conducted on conventional farms and/or in controlled trials, often missing organic-specific variables, such as management practices and environmental conditions of organic production systems.

Longitudinal, multi-regional studies are necessary to establish the complex time-intervals between untreated manure application and harvest, and to identify specific risk factors associated with persistence of L. monocytogenes on organic farms using untreated manure-based soil amendments. In order to provide a more complete understanding and approach to risk mitigation and best practices for the use of untreated manure (i.e., manure that has not been processed to completion in a scientifically valid manner to reduce the presence of microorganisms of public health significance) in organic production, this study focused on a broad range of variables that may impact contamination risk in various regions, and was informed by multiple disciplines. Specifically, the objective of this study was to assess farm-level risk factors associated with L. monocytogenes prevalence in soils amended with untreated manure on USDA-NOP certified organic farms in four regions of the US.



2. Materials and methods


2.1. Study design and field sample collection

A longitudinal, multi-regional field study was conducted over 21 months (two growing seasons) from 2017 (March to December) to 2018 (February to December) on a total of 19 USDA-NOP-certified farms located in California (CA, 9), Minnesota (MN, 4), Maine (ME, 5), and Maryland (MD, 1). More details on study design and farm enrollment can be found in Ramos et al. (2021). Briefly, farms from the aforementioned four states were recruited through personal invitation, email, phone, or personal visit. Enrollment was based on the following criteria: (1) certified USDA-NOP fresh produce farm, (2) use of untreated manure in produce fields, (3) grow one or more of the following crops: leafy greens, root vegetables, and/or fruits, and (4) willingness to participate and provide biological samples and information about farm management practices and location. A total of 16 farms were enrolled in 2017, and 18 farms were enrolled in 2018, with 15 participating in both years.



2.2. Questionnaire design

A questionnaire was created to collect data from each farm about farm practices and environmental characteristics. The questionnaire included the following sub-categories: (1) farm demographics and information (e.g., farm size, number of staff, third-party certifications, marketing outlets, workers’ training); (2) crop production (e.g., crop types, previous plant/soil diseases), (3) soil characteristics and surrounding landscape use (e.g., soil type, soil testing, previous use of field, use for livestock/poultry, surrounding landscape use), (4) fertilizer use [e.g., manure, compost, source, storage, application method, rate and frequency, in-house versus commercial, other biological soil amendments, location of BSAAO relative to the crops (down/up-hill)]; (5) agricultural water (e.g., source, irrigation type, microbiological testing, irrigation frequency), and (6) management practices (e.g., tillage practices, crop rotation, livestock/poultry in property and proximity to livestock, crop-livestock integration, presence of domestic animals, presence of wildlife, evidence of animal feces in fields) (Supplementary material S1). Additionally, during each monthly visit, various factors were recorded, including domestic and wild animal intrusion, abnormal field conditions, irrigation frequency, and produce type and growth stage.



2.3. Sample collection

Samples were collected as previously described by Ramos et al. (2021). Participating farms were sampled monthly for a period of up to 180 days over two growing seasons. Before manure application, 5 untreated composite manure samples were collected. Each composite manure sample was collected from 5 separate spots and different depths in the manure pile (90–100 g total per composite sample), using a shovel and a sterile scoop (Fisher Scientific, Hampton, NH). Baseline soil samples were collected prior to manure application (d0A, baseline). For each manure and produce type, four composite soil samples (five subsamples each) were collected after manure incorporation and monthly (d0B, 30, 60, 90, 120, 150, 180 days post-application), for a total of seven collection times per crop cycle. Soil samples were collected using a stainless-steel soil core sampling probe (2.54 cm diameter) disinfected with 70% ethanol between samples and 15.2 cm deep from the soil surface (Ramos et al., 2021). Four fresh produce samples (approximately 100 g for leafy greens, and 150–200 g for fruits and root vegetables) were collected twice or three times depending on availability (d90, 120 and 150 days), using sterile scissors and aseptically transferred into sterile Whirl-Pak bags (Nasco, Modesto, CA). Agricultural water was collected once at each farm during each growing season as previously described (Ramos et al., 2021). Briefly, water samples were collected directly into a sterile Nalgene bottle (Thermo Scientific, Rochester, NY) by hand or with a sampling pole. A maximum of two irrigation water samples (1 L each) were collected from different sources (e.g., agricultural well, pond, reservoir, lagoon, or creek). All samples were transported or shipped to the laboratory on ice in insulated containers and were processed within 48 h of collection.

Over the two growing seasons, a total of 3,260 samples, including 2,461 soil, 233 manure (i.e., untreated manure from cattle, horse, poultry, or small ruminants), 527 fresh produce (leafy greens, root vegetables, or fruits), and 39 irrigation water samples were collected from the farms.



2.4. Sample preparation

Samples were prepared as previously described by Ramos et al. (2021). In this manuscript, we will describe only the laboratory analyses for isolation of L. monocytogenes and generic E. coli. Enrichment, isolation, and identification of non-O157 STEC, E. coli O157:H7, and Salmonella spp., are detailed in Ramos et al. (2021). To isolate and identify L. monocytogenes from soil and manure, samples were diluted 1:10 and 25 g of each sample was weighed and transferred to a 24-oz Whirl-Pak bag (Nasco, Modesto, CA) of 225 mL of Listeria Enrichment Broth (LEB). The enrichments were homogenized by manually massaging the bags for 1 min before incubation. Prepared LEB enrichments were incubated at 30°C for 18 h with 100 rpm shaking in a Multitron programmable shaking incubator and then kept at 6°C without shaking until further use for L. monocytogenes isolation.

To isolate and identify generic E. coli from the aforementioned soil, samples were diluted 1:10 and 30 g of each sample was weighed and transferred to a 24-oz Whirl-Pak bag (Nasco, Modesto, CA) of 270 mL of Tryptic Soy Broth (TSB). The enrichments were homogenized by manually massaging the bags for 1 min before incubation. Prepared TSB enrichments were incubated at 25°C for 2 h, and then at 42°C for 8 h with 100 rpm shaking in a Multitron programmable shaking incubator and then kept at 6°C without shaking until further use for generic E. coli isolation.



2.5. Bacterial detection and isolation of Listeria monocytogenes in soil and manure samples

Qualitative confirmation of L. monocytogenes was performed following the procedure outlined by Ramos et al. (2021). In summary, automated immunomagnetic separation was performed on the aforementioned LEB enrichment as previously described by Cooley et al. (2014) to concentrate any L. monocytogenes cells present. The resulting washed beads were transferred to Brilliance Listeria Agar (BLA; Oxoid, Hants, United Kingdom) plates supplemented with Brilliance Listeria Differential Supplement (Oxoid, Hants, United Kingdom) and Brilliance Listeria Selective Supplement (Oxoid, Harts, United Kingdom), and to 5 mL of Fraser broth (BD, Sparks, MD, United States) in 30 μL and 100 μL aliquots, respectively. The BLA plates and Fraser broth tubes were incubated at 37°C for 48 h. A maximum of 4 presumptive Listeria colonies on the BLA plate were re-streaked to a secondary, and eventually a tertiary BLA plate. If the Fraser broth turned black, a full 10 μL loop was transferred to a BLA plate where it would then follow the isolation steps for the BLA plates outlined above. All isolated presumptive L. monocytogenes colonies were streaked onto Tryptic Soy Agar plates that were incubated for 24 h at 37°C. The colonies were then PCR-confirmed by screening for the hylA gene (LM1: 5’-CGGAGGTTCCGCAAAAGATG-3′, LM2: 5’-CCTTCCAGAGTGATCGATGTT-3′) (Kawasaki et al., 2005). Confirmed positive colonies were then banked in a 15% glycerol-85% Tryptic Soy Broth solution and stored at −80°C.



2.6. Generic Escherichia coli enrichment, enumeration, and isolation

As previously described in Atwill et al. (2015) and Patterson et al. (2018), soil samples were tested for the presence and concentration of generic E. coli (Most Probable Number, MPN/g). In summary, each TSB bag (prior to enrichment and incubation) was used as source for the 48-well TSB reservoirs (E&K Scientific, Santa Clara, CA, United States) and then serially diluted. Briefly, the first column of a 48-well reservoir was filled with 5 mL of the sample, followed by five columns filled with 4.5 mL TSB. Serial dilutions were carried out up to 10−6 in four replications per sample (Atwill et al., 2015; Patterson et al., 2018). Samples were incubated at 25°C for 2 h, and then at 42°C for 8 h with 100 rpm shaking in a Multitron programmable shaking incubator and then kept at 6°C without shaking until further use. Four μL of each incubated sample dilution were then streaked onto CHROMagar ECC (CHROMagar, Paris, France), then incubated at 37°C for 24 h (Atwill et al., 2015). Using an existing MPN calculator (Curiale, 2004), the MNP series cell densities were calculated based on dilution to extinction. Up to four presumptive positives were selected to be re-streaked onto secondary and subsequently tertiary CHROMagar ECC plates. Following incubation, pure isolates were confirmed as generic E. coli using a PCR assay targeting the universal stress protein (uspA) gene (884 bp, 5’CCGATACGCTGCCAATCAGT3’, 5’ ACGCAGACCGTAGGCCAGAT 3′), as described previously (Chen and Griffiths, 1998). Up to four isolates from each positive sample were selected and preserved in an 85% TSB 15% glycerol solution and stored at −80°C.



2.7. Data management and sources of explanatory variables for statistical analyses

In this study, a binary absence or presence of L. monocytogenes in the soil after manure application was used as the main outcome of interest. Five data sources were used for investigated variables: sample data, survey data, Honest Observer by Onset (HOBO®, Bourne, MA) data, soil composition data, and weather data. The first four were obtained through this study and the weather data was sourced from the National Oceanic and Atmospheric Administration using the R package rnoaa (Chamberlain et al., 2021).

A total of 68 sample and survey variables were considered for analysis, of which 22 corresponded to data collected at the sample level, and the remaining 46 were variables created from 32 survey questions at the farm level (Table 1 and Supplementary Table S1). Data management and details for these variables are described in Pires et al. (2023). Briefly, survey data was collected yearly and was, therefore, matched to the farm and year of the soil samples. Survey questions relating to quantifiable values (such as application rate or duration of manure aging) were asked in the survey as either multiple choice or open-ended questions. Due to the variety of formats in which individuals answered open questions, these had to be categorized for analysis. HOBO data (consisting of soil temperature and moisture collected by underground sensors) was collected every 15 min, aggregated at the day level and matched to the specific sampling date and farm. Lag times of 1 day and 7 days were used for the HOBO data. Soil composition data was collected twice a year and had to be aggregated at the year and farm level to be spatio-temporally matched with microbiological samples. This was due to the fact that the number of soil composition samples collected per farm in a year varied from 2 to 60, and these were not always matched to the specific plot or collection date of the microbiological samples (Supplementary Table S2). Thus, it was not possible to use a finer spatio-temporal resolution for this data. Weather data was obtained from all weather stations within a 40 km radius of a farm and was aggregated to the day level before being matched with the sampling date and farm using an inverse squared distance weighted average. In this case lag times of 1 day, 3 days, and 7 days were used. Depending on the farm, between 1 and 231 weather stations were within the radius (median = 39). The closest station for each farm varied between 0.3 and 37.1 km (mean = 8.2 km) (Supplementary Table S3).



TABLE 1 Univariable mixed-effect logistic regression results for soil sample and survey variables that were significantly associated with the presence of Listeria monocytogenes in soil samples amended with untreated manure in certified organic farms.
[image: Table1]



2.8. Statistical analyses

The statistical analyses are similar to those used in our companion manuscript on non-O157 STEC Pires et al. (2023). Briefly, we used mixed-effect logistic regression in R with the lme4 package to identify relationships between potential risk factors and the presence of L. monocytogenes in soil (Bates et al., 2015). HOBO and weather data were standardized around the mean to allow for easier comparison of the effect sizes for variables with different units and value ranges. Soil moisture, which was a proportion of 0 to 1, was analyzed using a scale of 10% (from 0 to 10) for easier interpretation of the model coefficient. Farm and plot ID were used as nested random effects. All other variables described in section 2.6 and presented in Table 1 were analyzed as fixed effects. This includes the state, which was considered a fixed effect due to having only four categories and the fact that farms were unevenly distributed between states, with California having 9 farms and Maryland just 1. First, all variables were assessed using univariable models. Then, multivariable model selection was conducted through forward and backward stepwise model selection starting from an empty model. The Akaike Information Criterion (AIC) for model fit was used as the main criterion for variable selection. To assess the risk of multicollinearity, the modified generalized variance inflation factor [GVIF1/(2xDf)] was used on each multivariate model, following the convention that a value above 4 is a sign of collinearity, and a value above 10 is a sign of strong multicollinearity (Fox and Monette, 2023). The highest GVIF value observed was 3.16 in model 2. Due to a large number of missing values, analysis had to be divided into two sets, with one focusing on soil sample and survey data (model 1), and the other on weather and soil composition data (model 2). Year, sampling day, soil moisture at the sample-level, and generic E. coli concentration in the soil on the day of sampling were also included in model 2 as they were key variables significantly associated with the presence of L. monocytogenes in model 1. HOBO data, wind variables and compost application rate were not considered in multivariable analysis due to missing data (i.e., >205). Model fit and predictive performance were assessed using the receiver operating characteristics (ROC) curve method with the R package pROC (Robin et al., 2011). All data management and statistical analyses were conducted in R 4.0.3 (R Core Team, 2022). The significance level was set at value of p<0.05.




3. Results

Of 2,150 soil samples, 101 (4.7%) were positive for L. monocytogenes. None of the fresh produce or irrigation water samples were positive for L. monocytogenes.


3.1. Univariable analysis


3.1.1. Soil sample and survey variables

Results from the univariable analysis for all soil sample and survey variables significantly associated with the presence of L. monocytogenes in the soil are presented in Table 1 and are summarized below. Details for the other variables investigated can be found in Supplementary Table S1.

Project year was significantly associated with the presence of L. monocytogenes in the soil samples, with 2018 having lower odds than 2017 [odds ratio (OR) = 0.37, 95% confidence interval (CI) = 0.24–0.58]. Sampling day was also significantly associated with L. monocytogenes positivity of soil samples, with all later sampling times (i.e., d30 onwards) having lower odds when compared to d0B, as was sampling season, with summer (OR = 0.55, 95% CI = 0.36–0.85) and fall (OR = 0.19, 95% CI = 0.09–0.39) having lower odds than spring.

Regarding the microbiological characteristics of the soil, the concentration of generic E. coli in the soil on the day of sampling (OR = 1.44, 95% CI = 1.20–1.71) and in irrigation water samples (OR = 0.63, 95% CI = 0.42–0.94) had a significant positive and negative association with the presence of L. monocytogenes in the soil, respectively. Presence of L. monocytogenes in the soil was significantly associated with the presence of L. monocytogenes in manure samples (OR = 4.29, 95% CI = 2.10–8.79), as well as with the presence of other pathogens (i.e., E. coli O157:H7, non-O157 STEC and Salmonella spp.; OR = 2.51, 95% CI = 1.36–4.62) in manure.

An increase by 10% of soil moisture at the sample-level was significantly associated with lower odds of L. monocytogenes presence in the soil samples (OR = 0.57, 95% CI = 0.43–0.75). Produce type on the plot was also significantly associated with L. monocytogenes positivity, with leafy greens (e.g., lettuce, spinach) having lower odds than fruits (e.g., tomatoes, cucumbers) (OR = 0.41, 95% CI = 0.19–0.85).

Prior use of the field for livestock (OR = 0.24, 95% CI = 0.09–0.60), presence of domestic animals on the field (OR = 0.28, 95% CI = 0.11–0.77), and efforts taken to reduce wildlife (OR = 0.29, 95% CI = 0.10–0.89) were associated with significantly lower odds of L. monocytogenes positive soil samples, whereas the presence of feedlots around the fields was associated with significantly higher odds (OR = 3.04, 95% CI = 1.12–8.25).

As for farm management practices and demographics, irrigation water source was significantly associated with the presence of L. monocytogenes in the soil samples; specifically, the use of surface water had lower odds when compared to the use of well water (OR = 0.14, 95% CI = 0.02–0.90). Equipment cleaning and sanitation was associated with significantly lower odds of L. monocytogenes positivity (OR = 0.14, 95% CI = 0.03–0.61). The number of year-round staff was also significantly associated with L. monocytogenes presence in the soil samples, with farms employing five or more staff having lower odds compared to farms employing four or fewer staff (OR = 0.20, 95% CI = 0.07–0.59). Among manure management practices, only years of prior manure application and method of manure storage were significantly associated with L. monocytogenes presence in the soil samples; having 3 to 5 years of prior manure application on the field was associated with lower odds compared to 1 to 2 years (OR = 0.40, 95% CI = 0.17–0.96), and concrete pads storage was associated with higher odds compared to manure pile (OR = 5.14, 95% CI = 1.04–25.36). Compost application at a rate of 30 to 60 cubic yards/acre was associated with significantly higher odds of L. monocytogenes presence in the soil samples compared to a rate of 0 to 10 cubic yards/acre (OR = 4.62, 95% CI = 1.28–16.73). Compost application-incorporation method (plowing) was also significantly associated with higher odds of L. monocytogenes positivity (OR = 5.38, 95% CI = 1.71–19.96), but no other compost application methods were significantly associated with the presence of L. monocytogenes.



3.1.2. Weather and HOBO variables

Results from the univariable analysis for weather and HOBO variables are presented in Table 2. Precipitation levels on the day of sampling (OR = 0.29, 95% CI = 0.11–0.77) and the 3-day prior average (OR = 0.74, 95% CI = 0.55–0.98) were negatively associated with the presence of L. monocytogenes in the soil samples. Similarly, four of six HOBO soil moisture variables were significantly associated with the presence of L. monocytogenes in the soil samples, with increases in soil moisture leading to a reduction in odds of L. monocytogenes positivity. None of the weather temperature variables were associated with L. monocytogenes positivity, whereas nearly all HOBO soil temperature variables had a significant association with the presence of L. monocytogenes, except for minimum temperature on the day of sampling, with increasing soil temperatures leading to decreasing odds of L. monocytogenes positivity. The 7-day average for both average wind speed (OR = 1.51, 95% CI = 1.10–2.06) and wind gust speed (OR = 1.43, 95% CI = 1.06–1.93) were significantly positively associated with the presence of L. monocytogenes in the soil samples.



TABLE 2 Univariable mixed-effect logistic regression results showing the effect of weather and HOBO-related factors on the likelihood of L. monocytogenes presence in soil samples amended with untreated manure in certified organic farms.
[image: Table2]



3.1.3. Soil composition variables

Results from the univariable analysis for the soil composition variables are presented in Table 3. Of the 18 variables measured and analyzed, only three were significantly associated with the presence of L. monocytogenes in the soil samples: pH had a negative association (OR = 0.56, 95% CI = 0.39–0.80), whereas calcium (OR = 1.46, 95% CI = 1.02–2.10) and zinc (OR = 1.76, 95% CI = 1.07–2.90) levels had a positive association.



TABLE 3 Univariable mixed-effect logistic regression results showing the effect of soil composition variables on the likelihood of L. monocytogenes presence in soil samples amended with untreated manure in certified organic farms.
[image: Table3]




3.2. Multivariable analysis


3.2.1. Model 1: soil sample and survey variables

When subsetting the data by the variables used in model 1 selection, 73% (1,574) of observations were complete and therefore available for multivariate analysis. Eleven variables were included in the final multivariable model 1: year of sampling, sampling day, soil moisture at the sample-level, concentration of generic E. coli in the soil on the day of sampling, presence of any other pathogenic bacteria (i.e., E. coli O157:H7, non-O157 STEC, and Salmonella spp.) as a single binary variable, presence of L. monocytogenes in manure samples used on the same plot, previous use of the field for livestock, presence of domestic animals on the field, manure application season, irrigation water source, and number of year-round staff. Detailed results are presented in Table 4.



TABLE 4 Multivariable mixed-effect logistic regression results for the soil sample and survey variables (model 1) that were significantly associated with the presence of L. monocytogenes in soil samples amended with untreated manure in certified organic farms.
[image: Table4]

Year was significantly associated with the presence of L. monocytogenes in the soil samples, with 2018 having lower odds compared to 2017 [odds ratio (OR) = 0.19, 95% CI = 0.08–0.44]. Sampling day was significantly associated with L. monocytogenes positivity, with every sampling day from d30 onwards having lower odds compared to d0B post-manure application. An increase by 10% in soil moisture at the sample-level led to a decrease in odds of L. monocytogenes positivity by a factor of 0.46 (95% CI = 0.32–0.65). An increase of one unit of log (MPN + 1/dry weight of soil) of generic E. coli in the soil on the day of sampling was associated with increased odds of L. monocytogenes presence in the soil samples (OR = 1.45, 95% CI = 95% CI = 1.18–1.79). The presence of L. monocytogenes and other pathogenic bacteria in manure samples were associated with significantly higher odds of L. monocytogenes positivity (OR = 2.89 and 5.24, respectively, 95% CI = 1.10–7.55 and 1.42–19.32). Applying manure in winter was associated with significantly higher odds of L. monocytogenes positivity (OR = 50.78, 95% CI = 9.09–283.76), and summer with significantly lower odds (OR = 0.04, 95% CI = 0.01–0.19), when compared to spring. This differed from the univariable results, where no significant association was observed. The number of year-round staff was also significantly associated with L. monocytogenes presence in the soil samples, with farms employing five or more staff having lower odds compared to farms employing four or fewer staff (OR = 0.02, 95% CI = 0–0.12). Finally, regarding irrigation water source, use of mixed water sources was associated with significantly higher odds of L. monocytogenes presence in the soil samples compared to well water use (OR = 2.73, 95% CI = 1.06–7.07). This differed from the univariable results, where the use of surface water was associated with significantly lower odds of L. monocytogenes positivity, and none of the other water sources significantly differed from well water use. However, with the reduced sample size used for multivariable analysis, there were no positive L. monocytogenes samples in the surface water category, making it impossible to compute an odds ratio. The area under the curve (AUC) was 0.87, the sensitivity 0.80, and the specificity 0.82. Positive and negative predictive values were 0.21 and 0.99, respectively.



3.2.2. Model 2: weather and soil composition variables

After removing HOBO and wind variables, and subsetting the data by the variables used in model 2 selection, 92% (1,978) of observations were complete and available for multivariable analysis. Results for year, sampling day, concentration of generic E. coli in the soil on the day of sampling, and soil moisture were similar to those of model 1 and will not be described, but details can be found in Table 5. The final multivariable model 2 also included two weather variables and five soil composition variables: precipitation on the day of sampling, average temperature range in the seven days prior to sampling, percentage of organic matter in the soil, cation exchange capacity (CEC), and nitrate (NO3-N), potassium, and calcium levels in soil.



TABLE 5 Multivariable mixed-effect logistic regression results for weather factors and soil composition variables (model 2) that are significantly associated with the presence of L. monocytogenes in soil samples amended with untreated manure in certified organic farms.
[image: Table5]

Temperature range (7 days) was negatively associated with L. monocytogenes presence in the soil samples (OR = 0.48, 95% CI = 0.29–0.78). The result for temperature differed from the univariable analysis, where none of the temperature variables had a significant association with L. monocytogenes positivity. For the soil composition variables, percentage of organic matter (OR = 7.30, 95% CI = 2.82–18.90) and levels of NO3-N (OR = 3.07, 95% CI = 1.36–6.91) and calcium (OR = 2.48, 95% CI = 1.21–5.07) in the soil were positively associated with L. monocytogenes presence in the soil samples, whereas potassium levels were negatively associated with L. monocytogenes positivity (OR = 0.09, 95% CI = 0.02–0.34). Most of these results differed from the univariable results as none of these variables, except for calcium levels, were significantly associated with L. monocytogenes presence in the soil samples.

Model 2 also had moderately high performance metrics as a whole with the ROC curve analysis. The AUC was 0.89, the sensitivity 0.83, and the specificity 0.84. Positive and negative predictive values were 0.20 and 0.99, respectively.





4. Discussion

This longitudinal study is one of the first to simultaneously assess multiple risk factors, including farm management practices and demographics, environmental factors (i.e., soil and microbiological characteristics), and weather factors, associated with the presence of L. monocytogenes in soil amended with untreated manure on certified organic farms in four different regions of the US. Previous studies have found that farm management, landscape, meteorological, and spatio-temporal factors significantly impact the odds of L. monocytogenes contamination of produce fields (Strawn et al., 2013a,b; Weller et al., 2015). However, these studies were restricted to a single state/region of the US, used a limited number of samples collected in the same field/plot, and did not specifically focus on certified-organic farms. Additionally, this study provides scientific insight into the complex nature of L. monocytogenes persistence in the soil, and subsequent contamination of the farm environment, demonstrating the need for food safety guidelines to be data-driven and to account for more than a single metric of time interval between manure application and harvesting of fresh produce.

The odds of L. monocytogenes presence in the soil were significantly lower in 2018 than in 2017, which is similar to the patterns reported for non-O157 STEC on the studied farms (Pires et al., 2023). The majority of farm management practices remained the same during the 2 years, thus, the difference may be attributed to changes that could not be controlled, such as weather conditions, soil characteristics, and/or other environmental factors. Notably, 2017 was the second wettest year on record in CA, where the majority of the study farms were located, with some areas receiving 300% of the average precipitation, ending the state’s 5-year drought (California Department of Water Resources, 2017), whereas another statewide drought was recorded in 2018 (California Department of Water Resources, 2018). Runoff, especially from livestock farms, has previously been shown to increase the risk of L. monocytogenes contamination, and the historic amount of runoff in CA in 2017 may, therefore, have contributed to the increased presence of L. monocytogenes in the soil (Strawn et al., 2013a). Moreover, other studies have demonstrated a positive relationship between adjacent land use, specifically for livestock farming, and L. monocytogenes contamination (Sauders et al., 2006; Lyautey et al., 2007). In contrast, the other states involved in the project had normal or increased precipitation in 2018 when compared to 2017. These differences show the critical need for multi-year studies given the weather conditions may drastically change across the years.

In both models 1 and 2, sampling day was significantly associated with the presence of L. monocytogenes in the soil. While all sampling days had decreased odds of L. monocytogenes contamination when compared to d0B, d180 had the lowest. Previous studies have investigated the prevalence of L. monocytogenes in the soil over time (Hutchison et al., 2004; Locatelli et al., 2013). While Hutchison et al. (2004) found the maximum isolation time for L. monocytogenes was 120 days, other studies did not detect the pathogen beyond 2 weeks (Hutchison et al., 2004; Locatelli et al., 2013). Differences between these isolation times were attributed to environmental factors (e.g., climate, temperature, spatial coordinates) and soil characteristics (e.g., pH, soil chemistry, soil texture) (Locatelli et al., 2013); likewise we identified weather and soil factors associated with the presence of this foodborne pathogen. Certified organic farms follow the 90–120 days USDA-NOP standards time-interval between the application of raw manure and crop harvest, depending if the edible part is in contact or not with the soil (USDA NOP, 2018). The time-interval as a preventive measure to avoid contamination of the soil and produce is based on the assumption that an appropriate amount of time has passed to foodborne pathogen die-off (Phan-Thien et al., 2020). However, our findings suggest that the NOP 90- and 120-day wait times may be sufficient, and there was a significant decrease compared to 30 days post manure application; this time interval may be an impairment to the use of untreated manure in regions with multiple growing seasons, such as California. Moreover, this study shows that a range of on-farm and environmental factors are associated with the presence of foodborne pathogens in soil, indicating that those risk factors should be taken into account in pre-harvest food safety plans.

Regarding the microbiological characteristics of the soil, previous studies have shown that generic E. coli can serve as an indicator for foodborne pathogens in soil, including L. monocytogenes (Falardeau et al., 2017). Similarly, we observed increased concentrations of generic E. coli in the soil were associated with increased odds of L. monocytogenes presence. By contrast, no positive association was observed with generic E. coli concentrations in water, which confirms that it may not be a suitable predictor for L. monocytogenes in water, given the complex interactions between weather, and water microbial and physicochemical characteristics (Weller et al., 2020). The presence of other pathogens (i.e., non-O157 STEC, E. coli O157:H7, and Salmonella spp.) and of L. monocytogenes in manure applied to crop fields was associated with increased odds of L. monocytogenes in the soil. While some studies have found that L. monocytogenes survival is increased in the absence of normal competitors, they did not include other foodborne pathogens (Botzler et al., 1960; Dowe et al., 1997; McLaughlin et al., 2011). It is possible that characteristics of the manure, such as its percentage of organic matter, rather than microbial activity, influenced the presence of L. monocytogenes in the soil. Previous studies have noted potential L. monocytogenes transmission pathways from infected livestock feces/manure to soil (Nightingale et al., 2004). However, further analyses are needed to determine whether the strains of L. monocytogenes isolated from the soil in this study were the same as those present in the untreated manure applied to the field. Other studies have detailed the survival of Listeria spp. in the soil and established how the bacteria may be transferred to produce through contact with soil or splashing events caused by rain or irrigation, thereby highlighting the food safety risks associated with contaminated soil (Girardin et al., 2005; Oliveira et al., 2011). Additionally, L. monocytogenes is known to interact with the roots of leafy produce, and may internalize into mature plants as well as seedlings, but relatively low concentrations of L. monocytogenes have been isolated from contaminated fresh produce (Standing et al., 2013; Smith et al., 2018). Further studies are needed to determine which levels of L. monocytogenes in the raw manure may lead to the contamination of soil and subsequently to that of produce in fields amended with raw manure. Aging or composting manure before application to produce fields is a promising way to significantly decrease pathogen activity in manure, and thus decrease the risk of soil, and subsequent produce contamination (Gurtler et al., 2018).

Surprisingly, none of the variables related to the presence of domestic animals or wildlife were significantly associated with the presence L. monocytogenes in the soil, when they are known sources of foodborne pathogen contamination in produce fields (Hoelzer et al., 2011; Strawn et al., 2013a). However, it is important to note that domestic animal and wildlife presence were self-reported by farmers, and therefore may not have been accurately evaluated. The presence of fecal matter on the field may provide a more valid assessment of the presence of animals. However, while it was positively associated with the presence of non-O157 STEC in the soil, it was not associated with L. monocytogenes positivity (Pires et al., 2023).

Of the numerous farm management and demographic variables assessed in this study, only season of manure application, number of year-round staff, and water source, were significantly associated with L. monocytogenes presence in the multivariable models. Manure application in winter and summer was associated with higher and lower odds of L. monocytogenes positivity, respectively, when compared to spring. Unlike many other pathogens, L. monocytogenes has been found to survive, and even be at its highest prevalence, in winter months and conditions (Botzler et al., 1960; Guerini et al., 2007; Strawn et al., 2013a; Cooley et al., 2014). Additionally, previous studies reported an increase in L. monocytogenes survival in soil with decreased competition with native soil microbiota (Botzler et al., 1960; Dowe et al., 1997; McLaughlin et al., 2011). In winter months, other pathogens, such as Salmonella spp., persist at much lower rates than during warmer months, thus decreasing microbial competition for L. monocytogenes (Cooley et al., 2014). The increased survival of L. monocytogenes in winter months may contribute to the increased risk of L. monocytogenes transmission from untreated manure to the soil of the fields to which it is applied. Due to state and local regulations, or to follow the NOP 90- or 120-day time interval, the majority of farms apply manure to the fields in the fall, during which the odds of L. monocytogenes presence was lower (i.e., not significantly different from spring) (Pires et al., 2018).

We found that farms with five or more year-round staff have lower odds of L. monocytogenes presence in soil than smaller farms with four or fewer staff. A previous study in the southwest US found that farm hygiene was a protective factor of generic E. coli contamination in produce; however, this study did not explore soil contamination, or the effect the size that the farming operation had on contamination (Park et al., 2014). Larger farms with increased numbers of employees are more likely to participate in third party food safety certification programs or audits, such as GLOBALG.A.P (Schmit et al., 2020). Thus, larger farming operations are more likely to have a strong food safety culture and training programs that allow better implementation of measures that decrease the risk of microbial contamination of the fields and produce. Additionally, Ramos et al. (2019) reported that many small farmers find on-farm food safety plans and training intimidating without the assistance of third parties. This lack of employee training on smaller farms may result in inadequate application of Good Agricultural Practices, thus increasing the risk of L. monocytogenes contamination in produce fields. Additional outreach and educational support for these smaller farms may help decrease the risk of pathogen contamination of soil and fresh produce.

Water is a known reservoir of, and can serve as a transmission pathway for foodborne pathogens to soil and produce (Beuchat, 2006). In univariable analysis, only surface water significantly differed from well water, and it had a surprising negative association with L. monocytogenes presence in the soil. However, no positive surface water samples could be included in multivariable analysis due to the decrease in sample size. In multivariable analysis, we found that the use of mixed sources of irrigation water was positively associated with L. monocytogenes presence in the soil, whereas the use of municipal sources had a protective effect, although it was borderline significant. This could be due to differences in environmental contamination among water sources, as engineered water sources, such as municipal or well water, are generally more protected than surface and mixed irrigation water sources. Strawn et al. (2013a) indeed found that surface water was significantly more likely to be contaminated with L. monocytogenes than water from engineered sources. In order to reduce the contamination risks and food safety hazards from agricultural water, FSMA-PSR recently established requirements for microbial standards; however, the pre-harvest agricultural water rule is still under review (FDA, 2015a).

Interestingly, we found that the presence of L. monocytogenes in the soil was negatively associated with the 7-day temperature range, but none of the associations with other weather variables were significant in the multivariable models. This contrasts with previous studies, which found that higher precipitation levels increased the survival of L. monocytogenes (Park et al., 2014; Pang et al., 2017). Further investigation into the short- and long-term effects of precipitation on soil contamination by L. monocytogenes may offer better insights into the risk posed by this weather event. L. monocytogenes is known to survive the large temperature fluctuations associated with food production and processing (Liu, 2008; Smith et al., 2018), which may explain the negative association we observed with the 7-day temperature range. However, the absence of association with other temperature variables conflicts with previous findings, as L. monocytogenes survival is generally increased at cooler temperatures (McLaughlin et al., 2011; Strawn et al., 2013a).

Soil moisture increases with decreased temperature and increased precipitation, which favors L. monocytogenes survival (Botzler et al., 1960; Weis and Seeliger, 1975; Strawn et al., 2013a). Similarly, four of the six HOBO soil moisture variables were significantly negatively correlated with L. monocytogenes presence in the soil, with long-term (i.e., 7 days) variables showing slightly stronger effects than short-term (i.e., 0 days) variables. However, this contrasts with this study’s findings for soil moisture at the sample-level, which showed a significant negative association with L. monocytogenes presence.

Regarding soil composition, we found that an increase in the percentage of organic matter in the soil was associated with an increased odds of L. monocytogenes presence, which is similar to previous studies (Jamieson et al., 2002; Vogel et al., 2010; Strawn et al., 2013a). This increase in pathogen survival has been attributed to the effects of organic matter on soil moisture retention (Jamieson et al., 2002; Williams et al., 2015). However, we observed a negative association between soil moisture at the sample-level and L. monocytogenes presence. It is important to note that the addition of manure to the field may have a confounding effect as it increases the organic matter content of the soil, and may also introduce L. monocytogenes into the soil. Calcium concentration in the soil was positively associated with the presence of L. monocytogenes. This observation is similar to previous findings that identified calcium as one of the main soil characteristics that impacted L. monocytogenes survival in soil (Locatelli et al., 2013). Nitrate and potassium concentrations in the soil were positively and negatively associated with the presence of L. monocytogenes, respectively. A recent study reported that an increase in macronutrients in the soil, namely nitrogen, potassium, and phosphorus, was associated with a decrease in L. monocytogenes survival (Devarajan et al., 2021).

Of all the soil characteristics included in the final multivariable model, only calcium had a significant effect in the univariable analysis, indicating the presence of confounding factors among the variables. The complex nature of soil chemistry, and the intricate relationships among nutrients and soil characteristics (e.g., pH, organic matter) render it difficult to identify which variables are interacting and how they affect L. monocytogenes survival. Furthermore, research into the effects of soil chemical characteristics on L. monocytogenes presence in the soil is scant, with many studies identifying numerous interactions among the soil characteristics investigated, and others focusing only on soil textures (Dowe et al., 1997; Nicholson et al., 2005; Locatelli et al., 2013). Further studies are needed to identify the individual and combined effects of soil characteristics as well as the role the microbiome plays on the survival of pathogens in the soil.

On the one hand, one of the advantages of on-farm observational studies with repeated sampling (i.e., longitudinal studies), is that they allow to investigate the dynamics of foodborne pathogens in natural settings (as opposed to inoculation studies), with contamination loads in environment matrixes (e.g., manure and soil) as close as possible to those on commercial settings, and to account for time-variable factors. On the other hand, there are limitations inherent to this type of study design. First, because there are no interventions across the farms (besides manure application), some of the key factors affecting the survival of pathogens may vary (e.g., soil type, weather, irrigation); however, those were controlled for in statistical analysis. Second, the loss due to follow-up may contribute to an unbalanced sampling across the 2 years. In addition, other limitations are inconsistent sample collection for soil characteristic testing (due to scheduling limits, weather prohibiting sampling, unpredictable farming schedules, etc.), as well as missing weather data, which restricted some of the statistical analyses. Inconsistent sampling and missing data also contributed to an unbalanced data set for some variables. Moreover, data groups were collected with different temporal resolutions (sampling day, several times a year) and spatial resolutions (farm versus plot); this was partially accounted for by using random effects. These are limitations of observational studies conducted on commercial farms as opposed to controlled experimental field trials. In addition, we could not assess the genetic relatedness of the L. monocytogenes isolates detected in manure and respective amended soils. However, as an observational study, the goal was to assess the multitude of risk factors associated with the presence and persistence of this foodborne pathogen in USDA-NOP certified organic farms using untreated manure as a soil amendment. Additionally, detection of L. monocytogenes was limited by the sensitivity of the testing protocols used in this study. It is finally important to note that this study allowed us to report only observed associations and not to infer causal relationships.



5. Conclusion

This is the first study to examine L. monocytogenes contamination risk factors associated with untreated-manure–amended soil on organic farms in four regions of the US. The findings of this study highlight that factors beyond time intervals are associated with the presence of L. monocytogenes in soil. While sampling time was significantly associated with L. monocytogenes contamination, multiple environmental (weather, soil characteristics), management (manure application season, number of employees), and microbiological (generic E. coli, other foodborne pathogens) factors were significantly associated with the presence of L. monocytogenes in the soil. This emphasizes the need to further examine risk factors beyond time intervals, and incorporate those variables into regulations for the use of untreated manure on fresh produce fields.
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Variable Categories Positive Percent positive Odds ratio ~ 95% CI? P-value

Total - 2,150 101 47 - = -

Temporal variables

2017 996 72 72 Ref - B
Sampling year
2018 L5t 2 25 037 024-058 <0001
Spring E W7 52 Ref B -
Summer 971 m 15 055 036-085 0.006
Sampling season
Fall 576 9 16 019 009-039 <0001
Winter 3 1 31 077 0.10-5.98 0.502
Day0 315 3 105 Ref - -
Day 30 31 21 63 054 031-096 0037
Day 60 326 s 25 020 009-043 <0001
Sampling day Day 90 338 15 14 037 020-070 0.002
Day 120 338 10 30 024 0.12-049 <0001
Day 150 284 u 39 030 0.15-061 0001
Day 180 218 3 L4 009 003-029 <0001
Microbiological characteristics
Generic E. coli Continuous - B - L4 120-171 <0001
concentration in soil on
sampling day
(MPN + 1/g dry weight
soil)
Presence of any other No 985 35 36 Ref - -
pathogenic bacteria in Yes 964 6 68 251 136-462 0,003
manure samples
Presence of L. No 1525 58 38 Ref B -
monocytogenes in Yes 424 43 101 429 210-8.79 <0.001
manure samples
Generic E. coli Continuous i - B 063 0.42-094 0025
concentration in vater
samples
Land/field sage
Field is used for fruit No 997 62 62 Ref - -
trees Yes 1153 39 34 035 0048
Fruits 1071 & 56 Ref - -
Leafy greens si1 21 1 041 0.19-085 0017
Produce type on
el i Mixed 273 12 14 070 028-1.50 0645
None 2 0 00 NA NA NA
Root vegetables 269 s 30 0.0 0.16-1.01 0052
Sample soil moisture Continuous - - B 057 043-075 <0001
(10% increase)
Manure management practices
102 748 3 m Ref - B
Years of prior manure 3t05 823 2 51 0.0 0.17-096 0040
application More than 6 372 26 7.0 091 0.35-236 0.850
Grazing or none 207 0 00 NA NA NA
Manure pile 1349 © 51 Ref B -
Barn or bedding 214 5 23 066 023-1.90 0444
Method of manure Conerete pad 56 10 179 514 104-25.36 0044
storage Grazing 134 0 00 000 NA 0833
Mixed 132 4 30 093 025-3.47 0918
Manure storage pit 265 13 19 122 0.40-3.68 0727
Compost management practices
Compost application 01010 526 21 10 Ref - -
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301060 152 27 60 162 1.28-1673 0020
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Mixed 662 u 36 091 036-227 0833
Equipment cleaning and No 2 8 286 Ref - -
seitation Yes 2122 9 44 014 0.03-0.61 0.009
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Prior use of field for No 896 6 71 Ref - -
lvestock Yes 1254 37 30 024 0.09-060 0.003
Are there domestic No 484 30 62 Ref B -
Saiials onthe ekt Yes 166 7 13 028 011077 o013
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around the fieds Yes 25 32 75 304 L12-8.25 0029
Are any efforts taken to No 606 34 56 Ref - -
exclude wildlife Yes 1544 & 13 029 0.10-0.89 0031
Are animals intentionally No 1278 6 52 Ref B -
iatioducedio the feld Yes 572 35 10 034 0.12-092 0034
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State California 918 31 34 Ref - B
Maryland 164 s 19 214 028-16.15 0.459
Maine 417 34 52 356 L12-1132 0032
Minnesota 51 2 13 170 0.49-5.96 004
Farm surface (acres) 01010 95 51 51 Ref - -
11050 610 38 62 106 033-3.40 0927
51 ormore 515 12 22 0.14 004-047 0.002
Number of year-round 004 1654 % 56 Ref - -
il 5 or more 496 9 18 020 0.07-0.59 0.004

95% CI, confidence interval for the odds ratio.
“Any other pathogenic bacteria refers to non-0157 STEC, Salmonella spp. and E. coli O157:H7.
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Variable Odds ratio 95% ClI P-value

Snow and precipitation
Precipitations (0days) 0.29 0.11-0.77 0013
Precipitations (3days) 0.74 0.55-0.98 0.038
Precipitations (7 days) 0.79 0.61-1.04 0.089
Snowfall (7days)* 039 0.05-3.25 039
Temperature
Temperature range (0days) 109 0.82-1.44 055
Temperature range (3 days) 122 0.90-1.65 019
Temperature range (7 days) 0.86 0.63-116 031
Temperature median (0days) 110 0.88-1.38 040
Temperature median (3days) 107 0.85-1.34 058
Temperature median (7 days) 104 0.83-131 075
Temperature min (0days) 109 0.87-135 046
Temperature min (3 days) 103 0.83-1.28 079
Temperature min (7 days) 107 0.85-1.34 0.56
Temperature max (0 days) L2 0.88-1.41 036
Temperature max (3 days) 110 0.87-1.40 044
Temperature max (7 days) Lot 0.80-1.28 093
ind
Average wind speed (0days) 118 0.90-154 024
Average wind speed (3days) 107 0.81-1.42 062
Average wind speed (7days) 151 1.10-206 0011
Wind gust speed 25 (0days) 123 0.95-1.59 012
d gust speed 25 (3days) 108 0.83-140 057
Wind gust speed 2s (7 days) 143 1.06-1.93 0018

HOBO soil temperature

Temperature range (0days) 0.56 0.38-0.83 0.003
Temperature range (7 days) 0.63 0.40-0.99 0.048
Temperature average (0days) 0.62 0.44-0.87 0,006
Temperature average (7days) 0.63 0.44-0.89 0.009
Temperature min (0days) 072 051-1.02 0.066
Temperature min (7 days) 0.68 0.48-0.98 0.040
Temperature max (0days) 055 0.39-0.78 0.001
Temperature max (7 days) 0.60 0.42-0.86 0.005

HOBO soil moisture

Moisture average (0 days) 0.88 0.64-1.21 042
Moisture average (7 days) 0.63 0.46-0.87 0.005
Moisture min (0days) 107 0.78-146 068
Moisture min (7 days) 0.76 0.58-0.99 0.040
Moisture max (0 days) 0.57 0.40-0.80 0.001
Moisture max (7 days) 0.56 0.41-078

Variables are standardized by centering around the mean and dividing by the standard deviation. For each weather variable, three lag-times were analyzed: average, and
7-day prior average. For HOBO data, two lag-times were analyzed: 0 and 7 days. Due to the total lack of snow at many sites in California, models for most snow variables could not converge
and are not included in the table. These include snowall (0 and 3days) and snow depth (0, 3, and 7days).

95% Cl, confidence interval for the odds ratio.
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