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Introduction

Health and performance of dairy calves can be influenced by the intra-uterine environment. Environmental stressors such as heat stress, maternal inflammatory status, and nutrient deficiencies have been shown to impair intra-uterine and postnatal development in dairy cattle, with implications for long-term productivity. Recent studies in primates have reported lower birth weights and altered infant inflammatory markers associated with maternal exposure to wildfire smoke particulate matter (wildfire-PM2.5) during pregnancy. However, the impact of intra-uterine exposure to wildfire-PM2.5 on dairy calf growth and health is unknown.





Methods

Holstein heifer calves were born to cows exposed (WFS, n = 17) or unexposed (CON, n = 26) to wildfire smoke during mid gestation. Calves were monitored from birth through 6 months of life to evaluate growth patterns, health, and basal metabolic and inflammatory markers.





Results

Although there was no difference detected between groups in gestation length or calf frame size at birth, WFS calves had lower birth weights compared with that of CON (36.87 ± 0.87 kg vs. 40.82 ± 0.80 kg). WFS calves had greater average daily gain in the pre-weaning period but lower gain in the post-weaning period compared with CON. WFS calves also had greater plasma glucose concentrations in the pre-weaning period, lower β-hydroxybutyrate concentrations in the early post-weaning period, and greater non-esterified fatty acid concentrations for much of the pre-weaning and the early post-weaning period relative to those for CON calves. In addition, WFS calves had lower white blood cell counts throughout the preweaning period, coupled with greater serum albumin and lower serum amyloid A through the study, as well as lower haptoglobin concentrations at approximately 3 months of age. All calves received adequate passive transfer of immunity, but WFS calves had greater serum IgG concentrations, yet no difference was detected in apparent efficiency of IgG absorption compared with that for CON. WFS calves had lower odds of lung consolidation throughout the study.





Discussion

Overall, these results indicate that prenatal exposure to wildfire particulates restricts fetal growth and programs postnatal calf metabolic and immune systems, which may have implications for future health and productivity.
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1 Introduction

Throughout the past century, changes in climate and historical fire suppression have fueled changes in wildfire activity such as increased wildfire burned area and severity (Harris and Taylor, 2015; Littell et al., 2009), and this trend is predicted to continue in future decades (Abatzoglou and Williams, 2016). Wildfires have repercussions in locations well beyond their vicinity (Burke et al., 2021) as they expel large quantities of combustion pollutants comprised of noxious gases and particulates, which threaten human and animal health (Black et al., 2017; Chen et al., 2021; Dickinson et al., 2022; Heaney et al., 2022; Pace et al., 2023). Cattle are particularly susceptible to pulmonary pathologies because of their respiratory anatomy (Ackermann et al., 2010), which also may make them prone to morbidities and mortalities related to airborne particulates (Cox et al., 2016; Beaupied et al., 2021; Egberts et al., 2019; van Leenen et al., 2021). Indeed, we reported that wildfire smoke-derived fine particulate matter (wildfire-PM2.5) is linked to altered inflammatory markers, metabolism, and respiratory irritation in young calves (Pace et al., 2023), as well as inflammation, altered metabolism, and reduced milk production in lactating cows (Anderson et al., 2022). Several top-producing states in dairy production are also frequently affected annually by wildfires (National Interagency Coordination Center (NICC), 2022; USDA National Agricultural Statistics Service, 2022), which further underscores the growing need to reduce impacts of wildfire emissions on the dairy industry.

Wildfire-PM2.5 is considered one of the most detrimental components of wildfire smoke, owing in part to its small diameter (< 2.5µm). Upon inhalation, aerosolized particulates may be deposited throughout the airways and pass through the alveoli to the bloodstream, where they can enter extra-pulmonary tissues (Li et al., 2019). These interactions and resulting inflammatory responses are thought to facilitate direct and indirect wildfire-PM2.5 impacts within the lung and other organ systems. Many studies have documented negative health effects of wildfire-PM2.5 inhalation on both mature and immature humans and animals, including, but not limited to, increased risk of mortality (Ma et al., 2024), respiratory infections (Tinling et al., 2016), epigenetic modifications (Brown et al., 2022; Xu et al., 2023), and cardiovascular and respiratory decrements (Chen et al., 2021).

The theory of the Developmental Origins of Health and Disease (DOHaD) (Barker and Osmond, 1986; Barker, 1990; Barker, 2007) states that the prenatal environment has long-term consequences on postnatal development and predisposition to disease. A few recent studies have reported that exposure to wildfire-PM2.5 during pregnancy may affect fetal development and program postnatal phenotype (Capitanio et al., 2022; Abdo et al., 2019; Breton et al., 2011; Holstius et al., 2012; O’Donnell and Behie, 2013; Yue et al., 2020; Lan et al., 2024). Several investigators have linked reduced birth weights in human newborns to wildfire-PM2.5 exposure in utero (Abdo et al., 2019; Breton et al., 2011; Holstius et al., 2012; O’Donnell and Behie, 2013). Furthermore, mice whose mothers aspirated ambient PM2.5 while pregnant showed evidence of altered lung development (Yue et al., 2020) Wildfire-PM2.5-induced alterations in prenatal lung development may increase risk of respiratory infections during postnatal life (Lan et al., 2024).

Although it is known that neonatal and adult dairy cattle are impacted by wildfire-PM2.5, the effects of prenatal exposure to wildfire-PM2.5 on calves postnatally are unknown. The aim of the present study was to investigate the effects of natural prenatal wildfire-PM2.5 exposure on postnatal calf growth, health, nutrient metabolism, and inflammatory status. We hypothesized that mid-gestation wildfire-PM2.5 exposure would result in immunodepression, compromised health, growth restriction, and metabolic deficiencies in the postnatal calf.




2 Materials and methods

All procedures were conducted according to the University of Idaho Institutional Animal Care and Use Committee protocol #IACUC-2022-46. Two groups of Holstein cows were either exposed (0.88 ± 1.15 lactations) or unexposed (1.12 ± 0.95 lactations) to naturally-occurring wildfire-PM2.5 in mid-gestation. Therefore, Holstein heifer calves were either born to dams exposed to wildfire-PM2.5 in mid-gestation (WFS, n = 17) or unexposed for the entirety of the gestational period (CON, n = 26). The calves were followed from birth (week 0) to 6 months of age (week 24). Postnatal calf management was matched between the two groups (see Postnatal Calf Management). Cows were from two geographically distinct farms in order to observe the effects of natural wildfire-PM2.5 exposure and the calves remained at the same location as their dams for the duration of the study to avoid transportation effects. Wildfire-PM2.5 exposed cows and WFS calves were housed at the University of Idaho Dairy Center in Moscow, ID, while cows that were not exposed to wildfire-PM2.5 during gestation, as well as CON calves, were housed at a private farm near Sioux Falls, SD. These farms were selected based on 1) historical air quality measurements in both locations, as air quality is typically affected by wildfire smoke in Moscow, ID annually, whereas Sioux Falls, SD is less frequently affected by wildfire smoke, 2) similarity of seasonal patterns for temperature-humidity index (THI) between both locations, and 3) ability to match management protocols of calves on both farms.

Dam management was similar between the two farms throughout gestation. During gestation, dams were fed a total mixed ration formulated according to the National Academies of Sciences, Engineering, and Medicine (NASEM) Nutrient Requirements of Dairy Cattle (NRC). Lactating cows were dried off 60 d prior to the expected calving date and fed a dry cow ration.



2.1 Environmental conditions

Air quality and climate conditions were monitored for both farms. PM2.5 concentrations (µg/m3) were retrieved from the U.S. EPA Air Quality System database tool (United States Environmental Protection Agency, 2024). Heightened PM2.5 concentrations were confirmed to be derived from active wildfires using AirNow-Tech Navigator and the National Oceanic and Atmospheric Administration’s (NOAA) HSYPLIT atmospheric transport and dispersion modeling, which considers air mass trajectories tracked 72 h back to their source at three atmospheric heights: 50, 100, and 150 m (Draxler and Hess, 1997, 1998; Draxler, 1999; Stein et al., 2015). Thus, users can visualize the origin of air masses overlaid with active wildfires, to determine if air masses were wildfire-derived. Exposure to wildfire-PM2.5 was determined using the following criteria, as previously described by our group (Anderson et al., 2022; Pace et al., 2023; Pace et al., 2024): 1) daily average PM2.5 concentrations surpassed 35µg/m3, and 2) PM2.5 was confirmed to have originated from active wildfires using HYSPLIT modeling. A wildfire event in Idaho resulted in exposure to elevated PM2.5 concentrations for cows several days between 148 to 158 days in gestation (Figure 1).

Climate conditions for both locations were retrieved from NOAA’s Local Climatology, Version 2 datasets (https://www.ncei.noaa.gov/access/search/data-search/local-climatological-data-v2). Weekly temperature and relative humidity data were used to calculate weekly temperature–humidity index (THI) according to the following equation (Dikmen 2008):

	




2.2 Postnatal calf management

All calves were born in January of 2023 without difficulty and thus required no human intervention in the parturition process. The calves were all singleton heifers, except for one set of heifer twins in the CON group. Calf conditions and management (e.g., nutrition, weaning protocol, disbudding) were matched between the two farms. Heifer calves were fed 3.8 L of colostrum within 1 h of birth, and an additional 1.9 L of colostrum within 12 h of birth. Samples of colostrum fed to each calf were collected at the time of feeding and stored at −20°C for future analyses.

Calves within each group were born within 12 d of each other and were raised as single cohorts within each farm; time of management changes, such as weaning, and sampling dates were based on the average age of each cohort. On average, the CON calves were born approximately 9 days after WFS were born. From birth until 73 days of age (± 2 days), calves were housed in individual hutches. For the remainder of the study, calves within each farm were housed as groups. Although health events were recorded, diagnoses and treatment decisions were made by each farm. Calves identified by farm management as ill were allowed up to three separate treatments prior to being removed from the study. In the CON group, 13 calves were diagnosed with respiratory or enteric illness, and in the WFS group, 8 calves were diagnosed with enteric illnesses. A total of 2 calves were removed from the herd after 3 unsuccessful treatments for respiratory illness, both from the CON group. These data were included in the analyses. No WFS calves were removed from the study.

Nutrition was matched between the two groups. For the preweaning phase, calves were fed a combination of 60% Land O’ Lakes® Amplifier ® Max Protein Blend milk replacer (Land O’ Lakes, Inc., Arden Hills, Mn), 40% waste milk, and supplemented with 0.25 lb Land O’ Lakes® Pasteurized Milk Balancer® (Land O’ Lakes, Inc., Arden Hills, Minnesota) per day. From 1–14 days of age, calves were fed 3.41 L 3X/day, then increased to 3.8 L 3X per day from 15–35 days of age. The first milk stepdown occurred from days 36–45, when 3.3 L of milk was provided 2X per day. The second stepdown was to 3.3L 1X per day from 46–56 days of age, after which calves were fully weaned. Calves had ad libitum access to water and Purina® AMPLI-CALF® Starter 20 calf starter grain (Land O’ Lakes, Inc., Arden Hills, Mn) beginning at three days of age. Following weaning, calves were slowly transitioned from starter grain to a total mixed ration that was formulated according to NASEM guidelines and matched between the two groups from 56 days of age to 105 days of age (Supplementary Table S1).




2.3 Growth and gestation length

Calf body weights and wither and hip heights were measured at birth and 2X per month for the first 6 months of life. Average daily gains (ADG) of these variables were calculated at two periods: 1) from birth to weaning (pre-weaning ADG), and 2) from weaning to 6 months of age (post-weaning ADG). Growth measurements of the twin calves in the CON group were excluded from body measurement and growth analyses as they were outliers. Gestation length was calculated as the number of days between the date the dam was bred and the date of birth for each calf. Sire predicted transmitting ability of gestation length was not different between the two groups (−2.35 ± 0.87 days: vs. CON: −1.88 ± 0.91 days; P = 0.12).




2.4 Blood sampling

Blood was collected immediately following birth (prior to first colostrum feeding), at 48 h, and every other week for the first 6 months of life. For all time points except for the 48 h time point, a total of 20 mL of postprandial whole blood was collected, with 10 mL collected in serum tubes with a clot-activating agent, and 10 mL in ethylenediaminetetraacetic acid (EDTA) tubes. The 48 h blood sample was collected in serum tubes and used for measurement of IgG. EDTA tubes were inverted immediately following collection, and stored on ice until processing, while serum tubes were stored at room temperature for at least 20 minutes to allow for clotting. A portion of whole blood collected in EDTA tubes was used for hematological analyses. The remainder of the whole blood in EDTA tubes, along with clotted blood in serum tubes, were centrifuged at 3,000 × g for 17 minutes at 24°C, after which plasma and serum, respectively, were removed and stored at −20°C for further analysis.




2.5 Blood metabolites

Blood metabolites were assessed at birth and every other week thereafter for the first 6 months following birth. Plasma β-Hydroxybutyrate (BHB) was measured using methods described by Tsai, 2021. In brief, this in-house protocol involves quantification of BHB by measurement of NADH, which is produced in proportion to the concentration of BHB in each sample. The enzyme 3β-dehydrogenase within a buffer (33μg/mL 3β-dehydrogenase (no. 3HBDB-RO), 0.1M Tris, 0.1 M oxalic acid, 2mM EDTA, 2.25 mM NADH) is added to each triplicate sample or calibrator (no. 421-73791, FujiFilm Medical Systems, Lexington, MA), and incubated at 37°C for 1 minute prior to measurement on a Spectramax ID3 spectrophotometer (Molecular Devices, San Jose, California). Measurements of NADH were taken at 0, 1, and 2 minutes at a wavelength of 340 nm, which represented the proportional concentration of BHB in the sample. The change in absorbance per minute was used to calculate the concentration of BHB in the samples.

Commercial kits were used to quantify plasma concentrations of non-esterified fatty acids (NEFA) and glucose. NEFA concentrations were measured in duplicate using the colorimetric Wako HR series NEFA-HR(2) assay (Color reagent A: 999-34691; Solvent A: 995-34791; Color reagent B: 991-34891; Solvent B: 993-35191; NEFA Standard Solution: 276-76491; FUJIFILM Medical Systems), following manufacturer protocols. Glucose concentrations were measured using a microtiter Autokit Glucose assay (Fujifilm Autokit Glucose, no. 99703001), following manufacturer protocols. Intra-assay CVs for BHB, NEFA, and Glucose were 6.64, 5.66, and 5.69% respectively, while inter-assay CVs were 19.89%, 14.08, and 8.2%, respectively.




2.6 IgG and apparent efficiency of absorption

Serum collected at 48 h after birth and colostrum were used to measure concentration of Immunoglobulin-gamma (IgG). For each calf, colostrum fed at the 1st and 2nd feedings were pooled. IgG was measured in duplicate using a Kent Laboratories bovine IgG radial immunodiffusion test kit (no. 728411; Triple J Farms, Bellingham, WA) according to manufacturer protocol. Colostrum samples were diluted 9:1, and 48 h serum samples were diluted between 1:2 to 2:1 for each calf. Inter-assay CV was 8.81% and intra-assay CV was 3.57%. Apparent efficiency of IgG absorption (AEA) was calculated using the following equation from Skibiel et al. (2017):

	




2.7 Hematology, acute phase proteins, and cortisol

Whole blood was used to determine complete blood counts and differential cell counts at birth and every other week for 6 months following birth. Complete cell counts were assessed for 13 time points, while differential cell counts were assessed for 12 time points, as differential cell counts could not be measured for CON calves at 2 wk of age. For WFS, hematology was analyzed using a VetScan HM5C Hematology System (Abaxis, Union City, CA) according to manufacturer protocols. For CON, hematology was analyzed on an ADVIA 2120i hematology analyzer (Siemens Healthcare Diagnostics, Inc. Tarrytown, NY, USA). Whole blood internal controls were used to calculate CV between machines; only outputs with CV ≤ 20% were used. Output used in this study include total white blood cell concentrations (WBC), and concentrations of lymphocytes (LYMPH), red blood cells (RBC), hemoglobin (HB), and hematocrit (HCT).

To assess differences in cortisol concentrations in the early pre-weaning period, plasma cortisol was measured at birth (prior to colostrum feeding) and at 2 wk of age. Cortisol was measured in duplicate using DetectX® Enzyme Cortisol ImmunoAssay Kits (no. K003-H1W/H5W, Arbor Assays, Ann Arbor, Michigan), according to manufacturer protocols. Samples were either undiluted or diluted 1:100.

Acute phase proteins, serum albumin (SA), serum amyloid A (SAA), and haptoglobin (Hp) were quantified at birth and 1X monthly for the duration of the study. Plasma SAA was measured in duplicate, diluted 1:1,500 or 1:1,750, using a commercial multispecies solid phase sandwich ELISA, according to manufacturer instructions (no. TP-802, Tridelta Development LTD, Kildare, Ireland). Serum albumin was measured in plasma in duplicate with a 1:1 dilution using a commercial kit (no. MAK124; Sigma Aldrich, UK) according to the manufacturer’s protocol. Plasma haptoglobin was analyzed in duplicate, undiluted or diluted 1:1, using an in-house colorimetric assay adapted from Cooke and Arthington (2013). This assay involves measurement of peroxidase activity, which occurs in conjunction with haptoglobin-hemoglobin binding. Briefly, bovine hemoglobin (CAS no. 9008-02-0) was added to samples, facilitating peroxidase activity. A color reagent [O-dianisidine (CAS no. 119-90-4), disodium EDTA (CAS no. 6381-92-6), and sodium phosphate monobasic (CAS no. 10049-21-5)] were added to each sample, then incubated at 37°C for 45 minutes in a water bath. 156 mM Hydrogen Peroxide was then added to facilitate a colorimetric reaction, and absorbance measured at 450 nm. Concentration of haptoglobin was calculated using a standard curve generated using an 8-point serial dilution with a commercial haptoglobin calibrator (no. TP-801-CAL, Tridelta Development, LTD, Kildare, Ireland). For all assays, intra-assay CVs were < 7.81%, while inter-assay CVs were < 18.74%.




2.8 Health and vitals

Vital signs [heart rate (HR) and rectal temperature (RT)] were taken at birth and 1X every 2 wk thereafter. RT was measured using a calf rectal thermometer. HR was assessed using a stethoscope and counting the number of heart beats in one minute. Health scores were recorded at 2 wk of age and 2X per month thereafter using the University of Wisconsin-Madison calf health scorer (McGuirk, 2008), which assigns scores to calves based on severity of coughing, eye discharge, nasal discharge, ear droopiness/head tilt, fecal consistency, attitude, and naval inflammation. These scores range from 0–3, with scores increasing with severity of symptom for each variable.

To assess respiratory health, thoracic ultrasound scores were recorded for each calf 1X per month beginning at 4 wk of age. Thoracic ultrasounds were conducted using an ExaGo veterinary ultrasound scanner with a linear probe (IMV Imaging, Bellshill, United Kingdom). A standardized scoring system (Ollivett and Buczinski, 2016; https://www.vetmed.wisc.edu/fapm/svm-dairy-apps/calfscan-calf-lung-ultrasound-scorer/) was used to assign thoracic ultrasound scores to each lung lobe, identifying lesions including “comet tail” artifacts and lung consolidation, which are commonly observed in calves afflicted with bovine respiratory disease (Ollivett and Buczinski, 2016).These lesions appear when fluid or products of inflammatory processes replace air in normally aerated lung tissue, and, when they reach the pleura, are visible via ultrasonography (Peek et al., 2018). Greater lung consolidation scores are associated with greater severity and extent of lung consolidation. Each lung lobe received a score ranging from 0 to 3, and a cumulative score was assigned based on these scores. A cumulative score of 0 is indicative of no detected consolidation on any lung lobes, while a score of 1 is indicative of severe diffuse comet tails on one or more lobe. A score of 2 indicates lobular consolidation in one or more lung lobe, and a score of 3 indicates lobar consolidation in one or more lobe. Scores of 4 are assigned when two lobes are afflicted with lobar consolidation, while a score of 5 is assigned when three or more lobes exhibit lobar consolidation.




2.9 Statistical analysis

Statistical analyses were conducted in SAS V. 9.4. Residuals were checked for normality using Kolmogorov-Smirnov tests and visual assessment. To detect differences in THI between the two locations, paired t-tests using PROC TTEST was used. Gestation length, IgG concentration, and AEA were assessed with unpaired T-tests using PROC TTEST.

Health and thoracic ultrasound scores were analyzed using generalized linear mixed models with a multinomial distribution and cumulative link function for ordinal data using PROC GLIMMIX. Time (age in wks), group (WFS or CON), and their interaction were fixed effects, and a random intercept was calculated for each individual calf. Group and time increments were represented by dummy variables, and the last time point (12 wks of age) and CON group were used as references for calculating estimates; therefore, estimates are not calculated for the main effect of CON or 12 weeks. To obtain estimates for significant interactive effects, separate models were run for each time point, with treatment alone as a fixed effect, and random effect of calf. Global false discovery rate for global P-value adjustments were applied to account for type I error. The multinomial distribution with a cumulative logit link function of PROC GLIMMIX uses log-likelihood tests to estimate log-odds ratios. The inverse link function of the estimates was applied to provide the odds ratios (OR) as estimates with 95% confidence intervals. Score data are therefore shown as OR, representing the odds of WFS receiving a higher score (more severe symptoms) relative to CON, along with 95% confidence intervals.

Body measurements and ADG, hematological variables, blood metabolites, acute phase proteins, and cortisol concentrations were analyzed using either general (PROC MIXED) or generalized (PROC GLIMMIX) linear mixed modes with a negative binomial distribution for count data. Fixed effects were group, time, and their interaction for all models, except for ADG, in which fixed effects were period (pre-weaning vs post-weaning), group, and their interaction. For PROC MIXED, repeated effects were modeled for time within calf, or period within calf for ADG. For PROC GLIMMIX, random effects were modeled for individual calf, with separate intercepts calculated to control for individual variation among repeated measures. Nonsignificant interactions (P > 0.05) were removed from all final models. If necessary to meet normality assumptions, data were log transformed. In these cases, the data presented are back-transformed least squares means (LSM) with standard error of means (SEM) calculated using the delta method.





3 Results



3.1 Environmental conditions

Wildfire-PM2.5 concentrations were elevated for approximately 2 wk during mid-gestation for WFS dams, peaking at 113.5 µg/m3 at approximately 164 days in gestation (Figure 1B). Within those 2 wk, there were five non-consecutive days when daily average PM2.5 concentrations were greater than 35 µg/m3 because of wildfires. For the CON dams, the maximum daily average PM2.5 concentrations reached 25.2 µg/m3 which occurred around the time of conception. Unexpectedly, the CON calves were exposed to 1 d of wildfire-PM2.5 that reached a daily average of 98.0 µg/m3 postnatally at approximately 4 mo of age and 2 d of wildfire-PM2.5 at approximately 5.5 mo of age that reached a daily average up to 64.5 µg/m3. Thus, the last four time points at which samples were taken for CON calves (18 through 24 wk of age) occurred after postnatal smoke exposure. WFS calves were not exposed to daily average PM2.5 greater than 27.8 µg/m3 in the postnatal life. Weekly THI did not differ between the two locations throughout the study (Figure 1A, P = 0.11).




Figure 1 | Weekly average temperature–humidity index (THI) and daily average PM2.5 concentrations from calf conception through 6 months after birth. Holstein heifer calves were conceived at week or d 0, and their dams were either exposed (WFS, n=17) or not exposed (CON, n=26) to a natural wildfire smoke event during mid-gestation. (A) THI did not differ between WFS and CON (P = 0.11). (B) Animals were considered exposed to wildfire smoke if wildfire smoke-derived PM2.5 (wildfire-PM2.5) concentrations surpassed a daily average concentration of 35µg/m3, indicated by the dashed line. Dams of WFS calves were exposed to daily average PM2.5 concentrations of up to 113.5 µg/m3 during mid-gestation whereas dams of CON calves were not exposed to PM2.5 levels greater than 35 µg/m3 during gestation (maximum daily average PM2.5 concentration = 25.2 µg/m3 around the time of conception). However, between approximately 4 and 6 mo of age, CON calves were unexpectedly exposed to two wildfire smoke events that reached daily averages of up to 98.0 µg/m3 and 64.5 µg/m3, respectively.






3.2 Growth and gestation length

There was no difference detected in gestation length between the two groups (Table 1, P = 0.30). There was an interactive effect of group and time on body weight, wither height, and hip height (Figure 2). WFS calves were lighter at birth (Figure 2A, P = 0.002). No difference in body weight was detected again until 24 wk of age when CON calves had greater body weights than WFS calves (Figure 2D, P = 0.01). WFS calves also tended to be larger at 10 and 14 wk of age (Figure 2D, P = 0.05 and P = 0.06, respectively). Wither height was greater in CON calves at 2, 4, and 22 wk of age but was higher in WFS calves at 14 wk (Figures 2B, E, all P < 0.03). There was an additional tendency for wither height to be lower in WFS calves at 6 wk (Figure 2B, P = 0.09). WFS calves were shorter at the hip at 2, 4, 8, and 10 wk of age (Figures 2C, F, all P < 0.03), but had higher hip heights by 18 wk of age (Figure 2F, P = 0.04). There was a tendency for WFS calves to have shorter hip heights at 24 wk of age (Figure 2F, P = 0.08).


Table 1 | Apparent efficiency of IgG absorption (AEA), serum IgG concentration, gestation length in calves after prenatal exposure to wildfire PM2.5.






Figure 2 | Effects of prenatal wildfire-PM2.5 exposure on calf growth. Pre-weaning (A) body weight, (B) wither height, and (C) hip height and post-weaning (D) body weight, (E) wither height, and (F) hip height. Holstein heifer calves were born to cows exposed (WFS, n=17) or not exposed (CON, n=26) to a natural wildfire smoke event during mid-gestation. General linear mixed models were used to assess group (WFS or CON), time (birth through 24 wk), and their interaction as fixed effects, and time within calf as a repeated effect. Data are LSM ± SEM. Preweaning and postweaning measurements are separated graphically for improved visualization, but all time-points were statistically analyzed together. P-values shown on preweaning graphs reflect the overall effects of group, time, and their interaction on body measurements across all timepoints. *P < 0.05; **P < 0.01, #0.05 < P < 0.1. WFS body weight was lower at birth and at 24 wk of age compared to CON. Wither height was lower in WFS calves from 2 through 6 weeks of age but higher at 14 wk of age. Hip height was lower in WFS calves in early postnatal life, but higher at 18 wk of age.



Differences in ADG were observed in both the pre-weaning and post-weaning periods. Body weight ADG was greater in the WFS group relative to that for CON from birth through weaning (Figure 3A, P = 0.01), but was lower in WFS from weaning through 6 months of age (Figure 3A; P = 0.003). There were no differences detected between groups for wither and hip height average daily gains, but both decreased overall after weaning (Figures 3B, C, both P < 0.0001).




Figure 3 | Average daily gain (ADG) of (A) body weights, (B) wither heights, (C) hip heights in Holstein heifer calves born to dams exposed (WFS, n=17) or not exposed (CON, n=26) to a natural wildfire smoke event during mid-gestation. General linear mixed models were used to assess the effects of group (WFS or CON), period (preweaning vs. post-weaning) and their interaction as fixed effects, and period within calf as a repeated effect. Nonsignificant interactions were removed from the final model. Data are presented as LSM ± the SEM. *P < 0.05; **P < 0.01. Pre-weaning body weight ADG was higher in WFS, wheareas post-weaning body weight ADG was lower compared to CON.






3.3 Metabolites

There were interactions between group and time on plasma glucose, BHB, and NEFA concentrations. WFS had greater blood glucose concentrations at 2, 6, 8, and 10 wk of age, and lower concentrations at 18 wk of age (Figure 4A, all P < 0.05). Glucose tended to be lower in WFS calves at wk 14 and higher at wk 20 (Figure 4A, P = 0.06 and P = 0.08, respectively). WFS had lower BHB concentrations relative to CON at 12, 14, and 22 wk of age (Figure 4B, all P < 0.03), and greater BHB concentrations at 2, 16 and 18 wk (Figure 4B, all P < 0.05). NEFA concentrations were greater in WFS at 4 and 6 wk, lower in WFS at 8 wk, and greater again in WFS at 14–20 wk (Figure 4C, all P < 0.03).




Figure 4 | Effects of prenatal wildfire-PM2.5 exposure on postnatal calf blood metabolites; blood (A) glucose, (B) β-Hydroxybutyrate (BHB), (C) non-esterified fatty acids (NEFA). Holstein heifer calves were born to dams exposed (WFS, n=17) or not exposed (CON, n=26) to a natural wildfire smoke event during mid-gestation. Data were analyzed using general linear mixed models with group (WFS or CON), time (birth through 24 wk), and their interaction as fixed effects, and time within calf as a repeated effect. Data are LSM ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; #0.05 < P < 0.1. Glucose was higher in WFS in early postnatal life, but was lower at 18 wk of age. In WFS calves compared to CON calves, BHB was higher at 2, 16, and 18 wk of age, and lower at 12, 14, and 22 wk of age. NEFA was higher in WFS calves at wk 4–6 and 14–20, but lower at 8 wk of age compared to CON.






3.4 Acute phase proteins

From birth to 24 wk of age, SAA was lower in the WFS group, whereas SA was greater compared to that for CON (Figure 5A, P < 0.001 and Figure 5C, P = 0.001, respectively). Time alone also influenced both SAA and SA (Figure 5A, P < 0.0001 and Figure 5C, P = 0.0005, respectively). There was a group × time effect for Hp, with Hp concentrations being lower in WFS calves only at 12 wk of age (Figure 5B, P < 0.0001).




Figure 5 | Effects of prenatal wildfire-PM2.5 exposure on postnatal calf (A) Serum amyloid A (SAA), (B) Haptoglobin (Hp), (C) Serum albumin (SA). Holstein heifer calves were born to cows exposed (WFS, n=17) or not exposed (CON, n=26) to a natural wildfire smoke event during mid-gestation. General linear mixed models were used to assess group (WFS or CON), time (birth through 24 wk), and their interaction as fixed effects, and time within calf as a repeated effect. Nonsignificant interactions were removed from the final model. Data are presented as LSM ± SEM. ****P < 0.0001. WFS had lower serum amyloid A, but higher serum albumin throughout the study. CON calves had elevated haptoglobin at 12 wk of age.






3.5 IgG And AEA

AEA was not different between WFS and CON (Table 1, P = 0.84). However, WFS calves had greater serum IgG relative to CON (Table 1; P < 0.01).




3.6 Hematology and cortisol

There were differences in hematology variables between groups at several time points. Total white blood cells (WBC) were lower in WFS relative to CON from birth through 8 wk of age, and at 16 and 18 wk of age (Table 2, all P < 0.03). WBC tended to be lower than CON at 22 wk (Table 2, P = 0.09). Total red blood cell counts were lower in WFS compared to CON from birth through 2 wk of age, higher at 4 wk of age, and lower than CON again at 12 and 16 wk of age (Table 2, all P < 0.02). Hemoglobin was lower in WFS relative to CON from birth through 2 wk, and again at 8–24 wk of age (Table 2, all P < 0.05). Hematocrit was lower in WFS at birth, but was higher at 4 wk, 8 to 14 wk, and 18 to 24 wk compared to CON (Table 2, all P < 0.05). Lymphocytes were lower in WFS calves compared with that for CON at 4 wk, 8 wk, and higher in WFS than CON at 16 wk of age (Table 2, all P < 0.02). Lymphocytes also tended to be lower in WFS calves at 6 wk and tended to be higher in WFS at 10 wk compared to CON (Table 2, P = 0.07 and P = 0.10, respectively).


Table 2 | Impacts of in utero wildfire-PM2.5 exposure on hematology variables in the postnatal calf.



There was a tendency for cortisol to be lower in WFS calves compared to CON (51,200 ± 8,873 vs. 74,968 ± 8,728 pg/mL; P = 0.06). Overall, cortisol concentration decreased from birth to 2 wk of age (99,989 ± 11,232 pg/mL vs. 26,178 ± 9,497 pg/mL; P < 0.0001).




3.7 Vital signs, thoracic ultrasound scores, and health scores

There was an interaction between group and time on both rectal temperature and heart rate. Rectal temperature was lower in WFS calves at 4 wk and 10 wk of age (Table 3, P = 0.04 and P = 0.0002, respectively), and higher than CON at wk 22 and wk 24 (Table 3, all P = 0.03 and P = 0.04, respectively). Heart rate was higher in WFS calves at birth, but lower at wk 4, 8, 14 and 20 (Table 3, all P < 0.05).


Table 3 | Effects of prenatal wildfire PM2.5 exposure on vital signs of the postnatal calf.



TUS scores were different between groups. WFS calves were less likely to have higher TUS scores as compared to that for CON calves, indicating greater likelihood of increased severity or extent of lung consolidation in CON calves (Table 4, P < 0.0001). Similarly, WFS calves were less likely to have high nasal scores relative to CON calves across the study, indicating increased nasal discharge in CON calves (Table 4, P < 0.0001). There was an additional effect of time on nasal scores (Table 4, P < 0.0001). Time alone impacted cough and attitude scores (Table 4, both P < 0.0001). There was no discernible effect of group or time on naval scores (Table 4, P = 0.12 and 0.67, respectively) or joint scores (Table 4, P = 0.96 and 1.00, respectively. There was an interactive effect between group and time on eye scores, with WFS calves being less likely to have higher eye scores at 12 wk of age (Table 5, P < 0.002) and more likely to have higher eye scores, at 18 wk of age (Table 5, P = 0.03). Group and time interactions explained fecal scores, as there were greater odds of WFS having higher fecal scores than CON calves at 2 wk of age (Table 5, P = 0.001).


Table 4 | Thoracic ultrasound, nasal, and cough scores in the postnatal calf after exposure to wildfire-PM2.5 in utero.




Table 5 | Effects of prenatal wildfire-PM2.5 exposure on postnatal calf eye scores and fecal scores.







4 Discussion

The dairy industry faces the challenge of maximizing health and efficiency in cattle while combatting severe climates and climatic events, such as wildfires. It is well-established that the intra-uterine environment influences postnatal phenotype. For example, heat stress in late gestation cattle has been associated with many negative effects on postnatal calves, including, but not limited to, reduced efficiency of absorption of IgG, lower birth weights, reduced gestation length, epigenetic alterations, and compromised immune function (Davidson et al., 2021; Laporta et al., 2017; Skibiel et al., 2018; Tao et al., 2012). Although wildfire-PM2.5 is known to impact metabolic and inflammatory statuses of dairy calves and cows (Anderson et al., 2022; Pace et al., 2023), the effects of prenatal exposure to wildfire-PM2.5 on calf development has remained unexplored until now. Herein, we investigated whether prenatal wildfire-PM2.5 exposure causes altered growth, metabolism, and health in the first 6 months of postnatal life for dairy calves.

WFS calves had lower body weights at birth than CON, which were not attributed to frame size or gestation length. WFS calves also had greater preweaning ADG, resulting in a tendency for greater body weights soon after weaning, but this effect did not persist as WFS had lower ADG in the post weaning phase relative to CON. These findings corroborate observations in humans linking maternal wildfire-PM2.5 exposure during pregnancy to lower birth weights (Abdo et al., 2019; Breton et al., 2011; Holstius et al., 2012; O’Donnell and Behie, 2013). Additionally, inhalation of ambient particulate matter < 10 µm in diameter in pregnant mothers was associated with altered ultrasound-detected fetal growth measurements (Hansen et al., 2008; Zhao et al., 2018; Zhou et al., 2022). Our results suggest that WFS calves may have experienced intra-uterine growth restriction (IUGR), followed by accelerated growth during the pre weaning phase, although this was a transient effect. Compensatory growth, or catch-up growth, can occur in animals exposed to conditions, such as nutritional or environmental stressors, that result in IUGR (reviewed by Wathes, 2022), and may explain the increased ADG observed in WFS calves during the pre weaning phase. The mechanisms by which wildfire smoke-induced IUGR may take place are unclear, but could include both consequences of maternal responses to PM2.5 inhalation and interactions of wildfire-PM2.5 with the placental tissue (Bové et al., 2019; Bongaerts et al., 2021). Studies in pregnant mice suggest impaired placental angiogenesis (Yue et al., 2019) and altered expression of placental nutrient transporters after exposure to non-wildfire derived PM2.5 (Zhu et al., 2021). Of note, IUGR may result in disparities in tissue and organ development. For example, in cattle, maternal nutritional stress during early and mid-gestation causes altered calf tissue and organ mass including a larger proportion of perirenal adipose tissue depots relative to empty body weight (Taylor et al., 2018). Furthermore, maternal heat stress in late gestation has been associated with altered gross organ masses (Dado-Senn et al., 2021) and growth patterns of the postnatal calf (Laporta et al., 2017; Tao et al., 2012). Although tissue and organ system growth and development were not investigated in the present study, it is possible that prenatally exposed calves may have modified tissue composition and organ development that contributed to postnatal growth patterns.

At a number of time points in the pre-weaning period, plasma glucose, the main energy substrate for pre-weaned calves (Hammon et al., 2012) was greater in WFS than CON calves. There may be several reasons for elevated blood glucose including over- or under- expression of insulin or non-insulin dependent glucose transporters, differences in hormone sensitivity or endocrine regulation of glucose uptake, endogenous glucose production, or altered tissue metabolic demands. Indeed, diminished glucose tolerance and reduced glucose-induced insulin secretion were observed in male mice born to dams exposed to diesel exhaust PM2.5 before and during gestation (Chen et al., 2018). Additionally, systemic sensitivity to insulin may be diminished in mice postnatally exposed to ambient PM2.5 (Li et al., 2020). Human mortalities caused by endocrine and digestive diseases, and specifically diabetes, have been linked to long-term postnatal wildfire-PM2.5 exposure (Ma et al., 2024). In ruminants, there are marked changes that occur in glucose metabolism during prenatal development (Hocquette et al., 2006) and disrupting that development may lead to changes in postnatal glucose metabolism. For example, heat stressed sheep have reduced placental permeability to nutrients and subsequent fetal IUGR (Limesand et al., 2018). Heat stress-induced IUGR lambs have greater glucose-induced insulin secretion, as well as greater rates of glucose utilization and increased insulin sensitivity for glucose utilization during a hyper insulinemic-euglycemic clamp relative to non-IUGR lambs, despite having similar fasting plasma glucose and insulin concentrations (Camacho et al., 2017). Although the present study was limited to investigation of post prandial blood glucose concentrations, our findings suggest disruptions in glucose metabolism in dairy calves whose dams were exposed to wildfire-PM2.5 during mid-gestation.

Following weaning, NEFA and BHB were greater and lower, respectively, at several time points in WFS relative to CON. Although BHB may be produced because of hepatic ketogenesis, an increase in the oxidation of butyrate to BHB occurs following ruminal development as microbial fermentation increases (Deelen et al., 2016; Quigley et al., 1991). Thus, greater BHB concentrations may indicate CON calves had more developed rumens after weaning or an increased rate of ketogenesis. Consistently greater NEFA in WFS calves suggests that WFS calves may have catabolized fat stores more than CON calves. This could have implications on feed efficiency for the WFS calves, as they also had lower average daily gains post-weaning. However, because solid feed intake was not measured in the present study, it is unclear whether wildfire-PM2.5-exposed calves are more or less feed efficient than their non-exposed counterparts.

The mechanisms underpinning altered postnatal metabolism in WFS calves require further investigation. Adult cows exposed to wildfire-PM2.5 experience shifts in energy metabolism related to exposure to concomitant elevated wildfire-PM2.5 and THI (Anderson et al., 2022). Providing a lower protein in the diet of late gestation beef cows results in altered offspring glucose metabolism (Maresca et al., 2018). Additionally, inflammatory responses in pregnant ewes impacts fetal glucose metabolism (Cadaret et al., 2019). Thus, fetal responses may be related to changes in maternal metabolic or inflammatory responses and may have prolonged effects on offspring metabolism. Altered placental function may play an important role in programming fetal metabolism. For example, placental nutrient absorption or tissue metabolic changes may be linked to PM2.5 exposure and may be modulated by altered placental expression of genes related to metabolic function. For example, higher PM2.5 exposure within sensitive developmental windows was associated with altered placental genes involved in cellular respiration processes and amino acid transport in humans (Deyssenroth et al., 2021). Using a similar study population, Kaur et al. (2022) found that several genes involved in lipid metabolism were either downregulated (ex. ABHD3) or upregulated (ex. ATP11A, PSCA, and ST6GALNAC4) with gestational PM2.5 exposure. Further, placental nutrient transfer may be impacted by PM2.5 exposure. Mice that aspirated ambient-sourced PM2.5 during pregnancy had altered placental nutrient transporter gene expression (ex. GLUT3, FATP1, FATP4, SNAT1, SNAT4) in late gestation relative to mice that aspirated vehicle, which may have consequences for maternal-fetal nutrient transfer capacity, and therefore, offspring growth and development (Zhu et al., 2021). Air quality-induced changes in fetal growth and metabolism may have implications on long-term postnatal metabolism; a recent study found that fecal metabolic markers in babies up to 1 year of age are altered after exposure to non-wildfire derived ambient air pollutants (Holzhausen et al., 2024). Thus, the mechanisms underlying the changes in postnatal metabolism of calves exposed to wildfire-PM2.5 may involve interactions among maternal, placental, and fetal factors.

In the present study, we also found evidence of altered immune status in calves exposed to wildfire-PM2.5 in utero. WFS calves had greater concentrations of the negative acute phase protein SA, and lower concentrations of the positive acute phase proteins SAA and Hp at one time point in the post weaning phase, along with lower overall WBC concentrations, and several leukocyte subpopulations. There are notable changes in locations in which hematopoietic development occurs throughout embryonic and fetal development (Ciriza et al., 2013). Disturbances to the migration and colonization of fetal hematopoietic stem cells in different tissues, such as from the fetal liver to bone marrow, may be a possible mechanism for leukocyte disparities seen in the present study. Indeed, bovine hematopoietic stem cells are found in the fetal bone marrow around mid to late gestation (Pessa-Morikawa et al., 2012), the approximate timeframe in which prenatal WFS calves were exposed to wildfire-PM2.5. Previous studies in humans have demonstrated that wildfire-PM2.5 exposure during early, and possibly mid-gestation, is associated with lower fetal Haufbour cells (Basilio et al., 2023), while traffic-derived air pollutants, including PM2.5, affects concentrations of neonatal cord blood leukocytes (García-Serna et al., 2021) and cytokines (García-Serna et al., 2022). Growth restriction could also be an important factor in immune cell generation, as neutropenia has been observed in human neonates born small for their gestational age (Christensen et al., 2015). It is also known that ambient PM2.5 causes systemic inflammatory responses in humans (Dabass et al., 2018; Zhang et al., 2022) and wildfire-PM2.5 causes changes in inflammatory markers in cattle (Anderson et al., 2022; Pace et al., 2023). However, hematopoietic impairment or altered inflammatory signaling may not be the only explanations for the differences we observed in blood hematological parameters in WFS vs. CON calves. At birth, WFS calves had lower HCT than CON calves, but this pattern was opposite in the following weeks. Although RBC production could alter HCT, it is also possible that HCT was affected by altered water balance, which is, in part, regulated by the placenta during fetal development, and through hormones such as vasopressin (Lindower, 2017). Although the placenta serves a protective role against fetal insults (Hsiao and Patterson, 2012), exposure to ambient air pollutants during pregnancy has been associated with black carbon accumulation in placental tissue, which could facilitate direct contact with the fetus (Bové et al., 2019; Bongaerts et al., 2021). Taken together, these studies suggest that wildfire-PM2.5 may program the fetal immune system, altering responses to environmental and pathogenic insults in the future. Future research is needed to determine whether immune cell and protein production, water balance, or both, drive the differences in hematological parameters seen in postnatal calves in the present study.

Whether differences in white blood cells and inflammatory markers observed in WFS calves provide a physiological advantage or suggest developmental impairment is currently unknown. In the present study however, based on health scoring and thoracic ultrasounds, WFS respiratory health appeared to be better than CON overall. WFS calves had lower odds of eye discharge at approximately 12 wk of age, and lower odds of ultrasound-detected lung consolidation throughout the study. However, WFS calves had higher odds of enteric symptoms at 2 wk of age. All calves received adequate passive transfer of immunity at birth and no difference in apparent efficiency of IgG absorption was detected. WFS calves however, had greater serum IgG concentrations at 48 hr, likely because of greater concentrations of IgG provided in the colostrum. It is possible that greater IgG concentrations could have conferred a superior protection against postnatal respiratory pathogens for WFS calves. Although odds of TUS-detected lung consolidation were lower in the WFS calves, lung lesions must reach the pleura to be visible using thoracic ultrasonography. Thus, pathologies that do not reach the pleura may have been present but unobserved (Ollivett and Buczinski, 2016). Lung consolidation observed in the present study may have arisen from unmeasured factors between the farms, including pathogen exposure. Alternatively, from a programming perspective, it is possible that prenatal exposure to wildfire-PM2.5 influences the extent of responses to postnatal immune challenges. Although the lesser lung consolidation present in the WFS calves suggests a beneficial effect, these same calves were afflicted with enteric symptoms and altered growth patterns, so if programming played a role in WFS lung responses, it may not confer an overall production advantage. However, to assess what mechanisms are controlling these responses, experimental studies including matched immune challenges between prenatal wildfire-PM2.5 exposed and unexposed calves are needed.

Several of the responses observed herein corroborate previous studies on the impacts of wildfire-PM2.5 inhaled by adult cows and young calves. We have previously shown that dairy calves exposed to elevated wildfire-PM2.5 during the pre weaning phase had shifts in circulating glucose, BHB, and NEFA, acute phase proteins, and leukocytes (Pace et al., 2023). In addition, lactating dairy cows exposed to high concentrations (daily average up to 282.5 µg/m3 for 7 d) of wildfire-PM2.5 had reduced milk production, and altered concentrations of several blood components including blood CO2, hemoglobin, red blood cell and leukocyte concentrations, and metabolic markers such as NEFA (Anderson et al., 2022). Furthermore, these effects continued beyond the exposure period in both cows and calves; thus, acute exposures may result in delayed and persistent effects. The mechanisms linking maternal exposure to postnatal calf phenotype are not entirely clear, but could be related to maternal physiology such as activation of inflammatory cascades, oxidative stress, endocrine disruption, and hemodynamic modulations (reviewed by Basilio et al., 2022). Additionally, inhaled particulates may interact directly with placental and fetal tissues (Bové et al., 2019; Bongaerts et al., 2021). Future studies should investigate concomitant maternal and fetal responses during and after wildfire-PM2.5 exposure, and their effects on postnatal outcomes. Furthermore, investigations into interventions and management strategies to mitigate animal exposures and responses to wildfire-PM2.5 (ie., nutritional modifications and supplementations, improvements to housing, animal health assessments and treatment protocols) are needed. Farm managers may consider limiting stressful management events, such as transportation, during episodes of poor air quality and closely monitoring health of animals, especially susceptible groups like pregnant cows and newborn calves, when air quality is degraded by wildfire smoke.

A limitation of the present study is the geographically distinct location of each calf group, which was necessary to study natural wildfire smoke exposure. Although management and other conditions were matched between the two farms, other external unmeasured factors could exist. This includes the two unexpected smoke events that affected the CON calves in the late postnatal period. These events may have affected CON calf variables after 4 months of age. CON calves were sampled approximately 3 days after smoke exposure, and at 4 months of age, although there was no statistical difference detected in WFS vs CON calves, blood glucose concentrations appeared to decrease and BHB increased in CON from the 4-month mark. These results are similar to the responses we have seen in pre-weaned calves 3 days after simultaneously elevated wildfire-PM2.5 and THI, in which we hypothesized that calves may have been mobilizing body reserves for energy (Pace et al., 2023). Additionally, in the present study, circulating lymphocyte concentrations were lower in CON calves relative to WFS calves at 4 months, and were almost half that of concentrations seen at 3.5 months. This response, too, is similar to that seen in our previous study, in which we observed lower lymphocyte concentrations 2 days after exposure of pre-weaned calves to simultaneously elevated PM2.5 and THI (Pace et al., 2023). Another limitation of the study is that although diets were matched to limit differences between calf groups in nutritional status, intake of solid feed or water were not controlled or measured. Thus, disparities between groups in metabolism or growth could be at least in part attributed to different feed and water intakes. A third limitation to the present study is the duration of time calves were monitored. The impacts of prenatal exposure to natural wildfire-PM2.5 on postnatal outcomes in young calves has not, to our knowledge, been previously investigated. However, impacts on future production and calf development beyond 6 months of age should be explored. Finally, farm staff-level assessments of calf health were made by different individuals, which may have influenced propensity for treatments provided to calves on either farm. However, staff are trained to follow standard protocols to determine whether treatment for a calf is necessary, thus reducing the likelihood of treatment differences as a confounding factor between farms.

To our knowledge, this is the first study of prenatal exposure to natural wildfire-PM2.5 in a non-rodent or non-primate mammal in which nutrition, age and sex were experimentally controlled. Herein, we found evidence of PM2.5-induced IUGR, characterized by lower birth weights and accelerated postnatal growth in WFS calves. Furthermore, WFS and CON calves appear to have disparities in basal inflammatory status and metabolism, which could impact future health and production. Further investigation is necessary to pinpoint causal mechanisms through which prenatal wildfire-PM2.5 exposure programs postnatal calf phenotype. For example, future studies could investigate prenatal factors such as the relationship between maternal-fetal inflammatory cascades, endocrine signaling, placental nutrient transportation, and effects on tissue-level ontogeny, during and after wildfire-PM2.5 exposure. Investigating longer-term phenotypic effects, such as impacts on calf growth to puberty, feed efficiency, and first-lactation milk production would also provide more comprehensive insights into production implications. Understanding the relationship between wildfire-PM2.5 exposure and calf ontogeny may aid development of interventions to maximize dairy cattle health, productivity, and welfare at vulnerable life stages.
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Table S1. Proximate component analysis of rations provided to Holstein heifer calves. Calves were born to cows either exposed (WFS, n=17) or not exposed (CON, n=26) to a natural wildfire smoke event during mid-gestation.  

  

		Group 

		CON 

		WFS 

		CV3 



		Variable1 

		AF2 

		DM 

		AF2 

		DM 

		AF CV 

		DM CV 



		% moisture 

		35.00 

		. 

		36.50 

		. 

		2.97 

		. 



		% DM 

		65.00 

		. 

		63.50 

		. 

		1.65 

		. 



		% CP 

		10.10 

		15.50 

		10.20 

		16.10 

		0.70 

		2.69 



		% adjusted CP 

		10.10 

		15.50 

		10.20 

		16.10 

		0.70 

		2.69 



		soluble protein % CP 

		 

		38.00 

		 

		40.00 

		. 

		3.63 



		% ADF 

		9.20 

		14.10 

		14.90 

		23.50 

		33.45 

		35.36 



		%aNDF 

		15.00 

		23.00 

		22.20 

		35.00 

		27.37 

		29.26 



		%lignin 

		1.90 

		2.90 

		1.90 

		3.00 

		0.00 

		2.40 



		% NFC 

		31.90 

		49.10 

		21.40 

		33.70 

		27.86 

		26.30 



		% Starch 

		26.70 

		41.10 

		9.80 

		15.50 

		65.48 

		63.96 



		% Crude Fat 

		3.20 

		5.00 

		2.70 

		4.30 

		11.98 

		10.64 



		% total FA 

		3.02 

		4.64 

		2.56 

		4.03 

		11.66 

		9.95 



		% C16:0, palmitic 

		0.59 

		0.91 

		0.59 

		0.93 

		0.00 

		1.54 



		% C18:0 stearic 

		0.13 

		0.20 

		0.17 

		0.27 

		18.86 

		21.06 



		% C18:1, oleic 

		0.74 

		1.14 

		0.62 

		0.97 

		12.48 

		11.39 



		% C18:2, linoleic 

		1.18 

		1.82 

		1.00 

		1.58 

		11.68 

		9.98 



		% C18:3, linolenic 

		0.20 

		0.30 

		0.01 

		0.01 

		127.95 

		132.30 



		% rufal 

		2.12 

		3.26 

		1.63 

		2.56 

		18.48 

		17.01 



		% Ash 

		4.81 

		7.40 

		7.01 

		11.03 

		26.32 

		27.85 



		% TDN 

		50.00 

		77.00 

		43.00 

		68.00 

		10.64 

		8.78 



		NEL, Mcal/Lb 

		0.53 

		0.82 

		0.46 

		0.73 

		10.00 

		8.21 



		NEM, Mcal/lb 

		0.55 

		0.85 

		0.46 

		0.72 

		12.60 

		11.71 



		NEG, Mcal/lb 

		0.37 

		0.56 

		0.28 

		0.45 

		19.58 

		15.40 



		% calcium 

		0.69 

		1.06 

		0.72 

		1.14 

		3.01 

		5.14 



		% phosphorus 

		0.27 

		0.42 

		0.26 

		0.41 

		2.67 

		1.70 



		% magnesium 

		0.27 

		0.41 

		0.21 

		0.33 

		17.68 

		15.29 



		 

		 

		 

		 

		 

		 

		 



		% potassium 

		0.90 

		1.39 

		0.94 

		1.49 

		3.07 

		4.91 



		% sodium 

		0.23 

		0.35 

		0.44 

		0.69 

		45.43 

		46.96 



		PPM iron 

		216.00 

		332.00 

		289.00 

		455.00 

		20.44 

		22.10 



		PPM zinc 

		68.00 

		104.00 

		85.00 

		133.00 

		15.71 

		17.30 



		PPM copper 

		11.00 

		17.00 

		21.00 

		33.00 

		44.19 

		45.25 



		PPM manganese 

		45.00 

		70.00 

		65.00 

		103.00 

		25.71 

		26.98 



		PPM molybdenum 

		0.30 

		0.40 

		0.90 

		1.50 

		70.71 

		81.88 



		Horse DE, Mcal/lb 

		1.00 

		1.54 

		0.88 

		1.38 

		9.03 

		7.75 





1DM = percent dry matter; CP = crude protein; ADF = Acid detergent fiber; aNDF = Neutral detergent fiber; NFC = Nonfiber carbohydrates; FA = fatty acids; TDN = total digestible nutrients; NEL = Net energy for lactation; NEM = Net energy for maintenence; NEG = Net energy for gain; DE = digestible energy 

2AF = As fed 

3CV = coefficient of variation between groups 



[image: C:\Users\Elaine.Scott\Documents\LaTex\____TEST____Frontiers_LaTeX_Templates_V2.5\Frontiers LaTeX (Science, Health and Engineering) V2.5 - with Supplementary material (V1.2)\logo1.jpg]



2



3



image1.jpeg

, frontiers






image2.jpeg

’ frontiers








OEBPS/Images/logo.jpg
& frontiers | Frontiers in Animal Science





OEBPS/Images/M1.jpg
THI = [(1.8 x Temperature(*C) + 32 - (055 - 0.0055
x Relative  Humidity(%) x (1.8 x Temperature(°C)
~26)





OEBPS/Images/fanim-06-1580654-g004.jpg
— WFS

— CON
Glucose
180
. Group P=0.005
190 Time P < 0.0001

2
3

Group x Time P <0.0001

Glucose (mg/dL)
3 R 3
R

2 «
8 3

0 2 4 6 8 10 12 14 16 18 20 22 24
Age (weeks)

BHB

Group P=0.86
Time P <0.0001
Group x Time P < 0.0001

Age (weeks)

NEFA

1.0
Group P<0.0001

~ 08 Time P <0.0001

% Group x Time P < 0.0001
13

&

g

w

z

Age (weeks)





OEBPS/Images/table1.jpg
Variable WES CON alue

ABA (%) HAs£123 172091 081

186 (1) NWEIH 28492220 0003
Gestation Length (days) | 27422095 275702091 030

Holstcinheferclves wereborn 0 cows exposed (WES, 1=17) or ot exposcd CON,1=26) 0
atural wildive smoke doring mid-geststion. Data were nslyzed using unpsired et and
preseted as means & SEM. Bolded valuesindicatesgnificant P-value (P <005). Neither AEA
or gestaton length wer diffrent betwcen WES and CON. G concentration was ighe in
WES compared to CON.






OEBPS/Images/table5.jpg
Variable Fecal Scores Eye Score

Odds Ratio and 95% Confidence ..\ . Odds Ratio and 95% Confidence
Interval (WFS: CON) Interval (WFS: CON)

3 8673 (520,917.10) o001 NA N
1 7 039, 418) 3 278 (075,1036) 03
s A A N NA
B 036 (<001, 75523) 03 NA N
10 097 027,356 03 023 001.120) o
[ - - 008 001.047) 00
u - 037 005, 143) 02
16 - - 160 0:44.5.85) om0
18 - 229 (51, 19739) 008
» @ A N
2 - 761 (109, 5326) o
2 B = NA NA

e scores were mesured i cles were idvidally Boused. s were moved 10 g hossing st sproximacly 10 wecksof e
Eage = alfage (wecks).

e e ces wre born 10 s lher xposed (WES,ne17) o ot xposed (CON, n-26) 18 sturl wdfve sesoke eent doing midgestaon. By scors and s scores were
signed sing standadid sorng e wih ighe e epresning or seere ympiorns.Generlizd s mixed ol wih  mlinonnialdisbaton for ondnldta vere sed
o s group (WS or CON), e (e 2wk throsgh 24w for e scores,and 35 2wk frough 10wk o el score), and hi erscion s e efocts,and ridom ects were
inchaed forech . Sparte models were ru o detenmine s of g t s i i, and s Discoery Rates wer s o bl P valo djusinnts. Modeotputs e log odds
o spresenin the s o ceing highe core for WS e 1o CON, Dt e presnteda backtrsnformed odds atios o WES:CON and 95%confdenc nrval. Boldd alocs
indicaesigfcant Pvale (1< 009 Forboth el sore snd ey scores hre was  roup e i ([l coe P - 003y ore P< 00001 /A= iwints whereodds st it
confdence el were ot bl be computed de 0 e o o o e soreobserations. Ol of vt el scores wreighe i WS han CON 2 o age. Ol of devated e
Scores were lowee in WFS than CON at 12 wk, but igher st 18 vk ofag.






OEBPS/Images/fanim-06-1580654-g002.jpg
— WFS
~—— CON

Preweaning Body Weight

Group P=0.84
Time P<0.0001
Group x Time P<0.0001

Body Weight (kg)

8

Age (Weeks)

Preweaning Wither Height

100 Group P=0.24
95-] Time P<0.0001
Group x Time P< 0.0001

0.
85
80,

Wither Height (cm)

75

70

Age (weeks)

Preweaning Hip Height

Group P=0.32
Time P<0.0001
Group x Time P< 0.0001

Hip Height (cm)

Age (weeks)

Postweaning Body Weight

240
5220
200
180
160

Body Weight (k

1204,
100
80
10 12 14 16 18 20 22 24
Age (weeks)

Postweaning Wither Height

Wither Height (cm)
2883338

10 12 14 16 18 20 22 24
Age (weeks)

Postweaning Hip Height
130
— 125
120
115 *
110
105+
100
95
90

Hip Height (cm/d)

10 12 14 16 18 20 22 24
Age (weeks)





