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Nest Gasses as a Potential Attraction Cue for Biting Flying Insects and Other Ectoparasites of Cavity Nesting Birds
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The presence of nestlings and other nest dwelling organisms in cavity nests alters the composition of gasses inside the cavity. Differential concentrations of gasses could be used by some parasites as a cue to localize their hosts. Here, we explored temporal variation in the concentration and isotopic signature of carbon dioxide (CO2) and methane (CH4) inside nest boxes of blue tits (Cyanistes caeruleus) during the nestling period (on days 3, 8, 13, 20, and 21 post-hatching) as well as several variables potentially affecting such variation. Finally, we checked whether differences in gas concentrations affect the abundance of different types of parasites affecting nestlings. Gas concentration and isotopic signature were significantly different between nest boxes and the forest during the nestling period. The CO2 concentration was higher inside nests than in the forest air, whereas CH4 concentration was lower. We expected to observe a positive correlation between the abundance of parasites actively seeking nests (i.e., blackflies, biting midges, and blowflies) and differences in gas concentration for those species that use these differences as a cue for host location. We observed that biting midge abundance was positively related to differences in CO2 between nest and forest air at day 20 of nestling age, indicating that this species can use these differences to locate hosts. We also found a positive relationship between blackfly abundance and differences in CH4 concentration. However, we hypothesize that the concentration of this gas inside nests may be related with bacterial activity; therefore, this relationship may be due to an effect of bacteria on blackflies and not to the effect of CH4 as an attraction cue for blackflies.
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INTRODUCTION

Several invertebrate species act as hosts and vectors for different pathogens (Marquardt et al., 2000). Vector borne diseases are usually more virulent that those transmitted by direct contact (Ewald, 1994) and mosquitoes are considered the deadliest animals in the world due to the diseases they transmit (GatesNotes, 2014). A pathogen’s necessity to reach both a host and a vector to complete its life cycle is obviously a challenge. However, evolution promotes important adaptations in pathogens to solve these challenges. Selection for such adaptations is facilitated by the advantages that flying vectors can provide such as increased dispersion, which can then lead to a significant increase in the pathogen’s fitness. In this respect, the pathogen’s successful transmission directly depends on the success of the vector to locate its host. What cues do mosquitoes and other vectors use to locate their hosts? Several studies have investigated mechanisms used by insects and other invertebrate vectors to locate their hosts. For instance, morphological studies of the sense organs of blood sucking insects have shown the kinds of substances that could act as host-specific attraction cues and have indicated that the gasses produced by host respiration may be potential cues for biting flying vectors (reviewed in Lehane, 2005). However, very little is known on the potential use of host-emitted gasses as an attraction cue for vectors in wild animal populations.

It is well known that mosquitoes, biting flies and ticks can use even slight fluctuations of CO2 as a directional cue to find their hosts (Bogner, 1992; Grant et al., 1995; Mboera and Takken, 1997; Takken and Knols, 1999). In fact, Wright and Kellogg (1962) suggested that mosquitos moved to a CO2 source specifically due to a change in CO2 concentration. Grant and Kline (2003) showed that female mosquitoes, and many other biting insects, are equipped with an array of sensors (chemoreceptor neurons) that are highly sensitive to different concentrations of CO2. Therefore, a higher CO2 fluctuation is probably the main stimulus for mosquitoes to approach their hosts (McPhatter and Gerry, 2017).

Several studies in birds have measured the concentration of CO2 during the incubation period (Lamson and Edmond, 1914; Wangensteen et al., 1971; Walsberg, 1980), however, few have investigated the effect of gas composition on vector attraction during nestling development. For example, White et al. (1978) found a higher concentration of CO2 in nest chambers of the European bee-eater (Merops apiaster) compared with outside air during the nestling period. In other study, Mondain-Monval and Sharp (2018) found a higher concentration of CO2 in occupied Sand Martin (Riparia riparia) burrows than in unoccupied ones during the nestling period. However, neither of these works explored the potential effect of these changes on vector attraction. In terms of other gasses, methane (CH4) production by domestic and wild animals, including arthropods and insects, has been studied by many authors (see e.g., Crutzen et al., 1986). However, to our knowledge, none have examined the relationship between gasses (e.g., CO2 and CH4) produced in the nest during the nesting period and parasite abundance. In fact, the effects of CH4 on birds and parasites in nests are completely unknown. In order to determine whether CH4 concentration in nests is involved in parasite attraction, it is necessary to study the evolution of this parameter during the nestling period.

Geochemical tracing using the stable carbon isotopic signature δ13C is a very useful tool for understanding biogeochemical processes in ecosystems (Peterson and Fry, 1987). δ13C is the molecular ratio between the heavy and light carbon isotopes 13C and 12C, respectively (Earth’s average relative concentration: 12C, 98.9% and 13C, 1.1%). This ratio allows for the identification of multiple carbon-producing (and removing) sources and mechanisms of CO2 and CH4 transference in natural ecosystems (Cerling et al., 1991; Yakir and Sternberg, 2000; Maseyk et al., 2009; Garcia-Anton et al., 2017). Processes that remove or produce CO2 and CH4 are characterized by a process-specific fractionation of carbon isotopes, owing to the isotope-dependent rates of the chemical reactions involved. As a result, the isotopic signature of CO2 and CH4 reflects the relative contribution of these processes. In a nest environment, variations in the concentration of CO2 and CH4 may be directly related to the metabolic activity of birds and the microbial activity in the nest. For instance, methane oxidation by methane-oxidizing bacteria (MOB) preferentially removes 12CH4 and, therefore, increases δ13C -CH4 (Fernandez-Cortes et al., 2015). To our knowledge, CH4 concentration has not, until now, been analyzed throughout the entire nestling period in any cavity-nesting bird. By measuring the concentration and isotopic signature of CH4 in nests during this period, we can determine the cause of these variations and whether they are related to the presence and abundance of parasites in the nests.

The microclimate inside a nest cavity may vary considerably between nests due to differences in nest material composition and the level of bird activity (Mainwaring, 2017; Maziarz, 2019). Nestling development also affects the microclimate by adding different wastes (i.e., feces and feather debris) to nests, leading to increased heat and changes in relative humidity by evapotranspiration, which could both affect the gas composition inside nests. All these changes may affect the attraction and development of parasites and other arthropods inside nests. Here, we assess the effect of different variables (brood size, hatching date, nestling age, humidity, and temperature) on the concentration of gasses inside nest boxes and evaluate differences in gas concentrations between nest boxes and the forest air. We expect that nests with larger broods and older nestlings to show higher concentration differences. We also examine whether some ectoparasites (fleas, blowflies, mites, biting midges, and blackflies) potentially use CO2 and CH4 concentration differences as attraction cues. Finally, we determine whether ectoparasite abundance is positively correlated with gas concentration differences between nest boxes and forest air at any nestling age.



MATERIALS AND METHODS


Study Population

The study was conducted during the 2016 bird breeding season in a Pyrenean Oak (Quercus pyrenaica) deciduous forest located within a protected area of Sierra de Guadarrama National Park (Montes de Valsaín) near Valsaín (Segovia, central Spain, 40° 53′ 74 N, 4° 01′ W, 1,200 m.a.s.l). The geographic area of Valsain (Segovia) is characterized by a Mediterranean climate, a subtype of a warm temperate climate with a dry warm summer and a cool mild winter (Csb climate type, Köppen–Geiger Classification slightly modified, AEMET-IM, 2011). Annual mean temperature in 2016 at the study area was 10.2°C, and total annual precipitation was 556 mm1. A blue tit C. caeruleus population breeding in wooden nest boxes has been studied in this area since 1991 (Sanz, 2002; Tomás et al., 2006). Nest boxes were 17.5 cm high, 11.7 cm wide, and 12.5 cm deep. The entrance hole of each box was 4.5 cm in diameter, and for airing the nest, there was a small uncovered hollow space (11.7 cm × 1.3 cm) located just under the nest-box roof. Total nest volume was 2,559 cm3. A plastic tube with a diameter of 5 cm was attached to the outside of the entrance hole to prevent nestling predation by genets. The tubes likely reduce gas exchange with the outside air when birds enter or exit the nests because of the limited space around the bird’s body and the fact that they are forced to move slowly while in the tube. Each breeding season, nest boxes are periodically inspected to determine reproductive parameters such as laying date, clutch size and hatching date (Merino et al., 2000; Tomás et al., 2007). The present study is considered observational work as it only involves ringing and measuring the birds. Ringing permits were granted by the Directorate General of the Natural Environment and the Junta of Castille and León (permit numbers: EP/SG/705/2015 and PNSG_SG_2015_0323). No other animal use permits were required.



Measuring Gasses

Between 24 May and 20 June 2016, we monitored and sampled 44 nest boxes occupied by blue tits. First, the ecosystem was characterized from both a climatic (meteorological data during the 2016 monitoring period see footnote 1) and a geochemical perspective (CO2 and CH4 concentration and δ13C-CO2 and δ13C-CH4 from oak forest air). For this purpose, we measured the atmospheric air, soil air and air inside nest boxes during the nesting period at a specific location in the middle of the study area. Four samples of each soil and forest air were taken each sampling day and used to calculate the average measurement for that day. In addition, a total of 148 samples of air from inside nest boxes were taken during the nestling period at different nestling ages (44 samples, one from each nest at 3, 8, and 13 days post-hatching, and 16 samples at 20 days post-hatching as nestlings had already fledged from the other 28 nests). The air inside four empty nest boxes was also sampled prior to their occupation (one box had a nest but no eggs or nestlings and the other three were completely empty). These samples were collected on May 18 (7:00–9:00 AM) in order to have a reference value for the concentration of gasses in empty nest boxes. Once the nestlings fledged (20 or 21 days post-hatching), a final sample was taken from the 44 nest boxes. Nest boxes were hanging from tree branches about 5 m above the ground. For gas collection, nest boxes were first carefully taken down from the tree branches and placed on the ground. Gasses were extracted through the entrance hole of the nest boxes. After gas collection, nest boxes were opened and the number of nestlings counted. Then, nest boxes were closed and returned to the same position on the tree branch until the next sampling. Sampling of gasses was always conducted between 7:00 and 10:00 AM for forest air and soil and between 8:30 AM and 16:30 PM for nest-box air. Sampling time had no effect on the results in our analyses.

For the extraction of gasses from nest boxes and soil, we used a micro-diagraph gas pump (NMP-830-KNDC-12V; KNF, Germany) at 1.5 l min–1 at atmospheric pressure. Gas extraction was carried out slowly and for the same duration (20 s) in order to obtain approximately 0.5 L of air from each nest box. Similarly, atmospheric forest air was collected using a battery operated portable air pump (Aquanic S790, 0.010 Mpa 0.4 l/min Battery 1.5V; ICA, S.A, Spain). Grab air samples were collected through a tube connected directly to the pump, while another tube expelled the air from the pump and stored it in a 1-L Tedlar® gas sampling bag (Supelco; United States). The bags were sealed and subsequently analyzed in the laboratory within 24 h. The same sampling method and pump were used in other studies (e.g., Garcia-Anton et al., 2014, 2017; Fernandez-Cortes et al., 2015, 2018). CO2 and CH4 molar fractions and stable isotope ratios of carbon in both gasses were measured with a G2201-i analyser (Picarro Inc., United States) that used cavity ring-down spectroscopy (CRDS) technology to identify and quantify the compounds contained in the air being analyzed (Crosson, 2008). Stable isotope ratios of carbon are reported in standard δ-notation with units of ‰ (δ13C). The CRDS analyser measures the molar fractions and δ13C with a dynamic range of 100 to 4,000 ppmv for CO2 and 0 to 1,000 ppmv for CH4 and a precision greater than 0.16‰ for δ13C-CO2 and 1.15‰ for δ13C-CH4.



Measuring Temperature and Relative Humidity

Environmental conditions (i.e., temperature and relative humidity) were recorded inside and outside nests boxes during the nestling period (days 3, 8, 13, and 20 post-hatching). Sensors that register both variables were fitted to the inner wall of the nest box just below the rim (iButton Hygrochron Temperature/Humidity Logger with 8KB Data-Log Memory DS 1923; 6 mm × 17 mm, temperature range: −20–85°C; resolution 0.0625°C; humidity range: 0–100% with a resolution 0.04%; Maxim Integrated, CA, United States). Temperature and relative humidity were recorded every 45 min during the nesting period. Similarly, four external sensors (HOBO U23-001; data logger; 10.2 cm × 3.8 cm, temperature range: −40–70°C; resolution 0.02°C; humidity range: 0–100% with a resolution 0.03%; Onset Data Loggers, Massachusetts, United States) were located underneath empty nest boxes to register temperature and relative humidity in the study area during the nesting period.



Quantifying Nest Ectoparasites

Several biting flying insects and nest-dwelling ectoparasites, many acting as vectors for blood parasites, are commonly found in this bird population. Biting midges (Culicoides spp.) are very small dipterans whose females need bird blood to lay eggs (although some autogenous species can lay the first batch of eggs without a blood feed). Biting midges are vectors of haemosporidian parasites of the genus Haemoproteus (Valkiunas, 2005; Martínez-de la Puente et al., 2011), which are known to have detrimental effects on bird reproduction and survival (Merino et al., 2000; Martínez–de la Puente et al., 2010). Blue tit nests are also visited by blackflies (Diptera: Simuliidae) looking for bird blood to complete their life cycle. Blackflies are vectors of another common blood parasite of birds, Leucocytozoon spp. (Order Haemosporida), which cause chronic diseases in infected birds (Merino et al., 2000; Martínez–de la Puente et al., 2010). Mosquitoes are scarcely found in the bird nests of our population; however, the transmission of Plasmodium species to blue tits in this area has been previously reported (Martínez-de la Puente et al., 2011).

Nest-dwelling parasites typically found in blue tit nests in Valsain include a dipteran flying insect, the blowfly Protocalliphora azurea. Only blowfly larvae feed on blood and their role as vectors is unclear. Fleas (Ceratophyllus gallinae) are also common in nests. The presence of adult fleas is mainly evidenced by the presence of their larvae as adults typically remain attached to the birds or easily escape when the nest is collected to quantify parasites (see below). Only adult fleas feed on blood, and it is unclear whether they are vectors of any diseases in blue tits. Haematophagous mites (Dermanyssus spp.), which can act as vectors for trypanosomes (Macfie and Thomson, 1929), also attack blue tits. Both fleas and mites reach new nests by attaching to adult birds as they inspect other cavities. Mites may also reach nests by phoresy on midges and blackflies (Marshall, 1981), although this is unlikely their main means of transport.

Biting midges and blackflies parasitizing nests were collected by using traps located inside the nest boxes (see Tomás et al., 2008). The traps consisted of a plastic petri dish (8.5 cm in diameter; 55.67 cm2) containing a commercially available baby oil gel (Johnson’s Baby Oil Gel with Camomile; Johnson & Johnson, Dusseldorf, Germany). The petri dishes were placed within nest boxes at day 10 post-hatching and retrieved at day 13. Afterward, petri dishes were observed under a magnifying glass and the number of biting midges and blackflies that adhered to the gel were counted. Once nestlings fledged (20 or 21 days post-hatching), the sensors were removed, and the nest material was collected in a sealed labeled plastic bag and transported to the laboratory to quantify ectoparasite abundance. Nests were stored at 4°C for 2–4 days prior to ectoparasite extraction using Berlese funnels. Nests were kept in funnels for 48 h under constant temperature and light conditions provided by a lamp placed above the nests (see Tomás et al., 2007). Small nest ectoparasites (mites and fleas) were collected in vials containing 70% ethanol and examined under a stereomicroscope (OLYMPUS-SZX7; ACH1x, Tokyo, Japan; see Merino and Potti, 1995). Their abundance was estimated from this material. The nest material was then manually searched for blowfly pupae.

We also evaluated the relationship between ectoparasite abundance and bird body condition. For this, 75 blue tit adults (37 males and 38 females) were captured at 13 days post-hatching with traps mounted in the nest boxes. Adults were measured and, when necessary, ringed with numbered aluminum rings. Nestlings were also measured and ringed at 13 days post-hatching. Adult and nestling body mass was measured with an electronic balance (±0.1 g). Tarsus length was measured with a digital caliper (±0.1 mm), and wing length with a ruler (±0.5 mm). The body condition index in adults and nestlings was calculated as the residuals of body mass on tarsus length.



Statistical Analyses

Our first aim was to select a number of potential explanatory variables for the variation in gas concentration in nests. We hypothesized that the number of nestlings (brood size) and nestling age would significantly affect gas concentration (i.e., the greater the nestling number or the larger the nestlings, the greater the CO2 concentration). The time in the season as measured by hatching date may also influence gas concentration, although this variable could be correlated with brood size. Temperature and relative humidity could influence gas concentration, for example, by favoring dilution effects. However, these two variables have also been shown to be negatively correlated with each other (see e.g., Castaño-Vázquez et al., 2018). We checked the variance inflation factor (VIF) for these variables (brood size, hatching date, temperature and relative humidity) in multiple correlation analyses with each of the gas concentration variables. VIFs estimate how much the variance of a coefficient is “inflated” because of linear dependence with other predictors. In all cases, the VIF values were low (less than 2). Thus, we included all of these variables in a mixed model analysis with gas concentration (CO2/δ13C-CO2 or CH4/δ13C-CH4 measured both inside nest boxes and in the forest) as the dependent variable (variables were log transformed in order to comply with normality assumptions), measurement location (inside nest box or forest) and nestling age as fixed factors and brood size, hatching date, temperature and relative humidity as covariables. The interaction of measurement location × nestling age was included as a repeated measures effect on nests. Then, we conducted a backward stepwise procedure to reduce the model to the significant variables.

To explore the relationship between gas concentration and ectoparasite abundance, we used generalized linear models (GzLM) with a negative binomial distribution and log link function. The number of each parasite type (flea larvae, mites, blowfly pupae, biting midges, and blackflies) was used as the dependent variable with the following independent variables: the differences in the concentration of CO2 and CH4 (i.e., the concentration inside the nest box less the concentration in the forest air), the differences in relative humidity inside nest boxes and in the forest air and brood size. We conducted one analysis for each day the gasses were measured, thus analyzing the relationship between the abundance of each parasite and the difference in gas concentration at the different ages independently. We assumed that the abundance of the different parasites measured at the end of the nestling period was directly related to their abundance at other stages of nestling development (see e.g., Dube et al., 2018). We selected gas concentration differences between nest boxes and forest air to reduce the number of variables in the model and because it could be the cue used by some ectoparasites to locate potential hosts. We expected that a lack of clear gas concentration differences between forest and nest boxes would result in a lack of signal for parasites; however, if concentration differences were observed from hatching to fledging stages, then we assumed that there was a potential attraction cue for ectoparasites. We first used an Omnibus test to check that the analysis could be performed. Omnibus tests assess the significant of the overall model by calculating whether explained variance is significantly higher than unexplained variance. A positive Omnibus test suggested that the model fitted the data. In this case, at least one independent variable was significant and the other independent variables could be included in the model under the assumption of non-colinearity between independent variables. Conversely, a negative test suggested that the model was not sufficient to determine model fit for the predictors and, therefore, the analysis could not be performed. The Omnibus test used to compare the current versus the null (in this case, intercept) model was a likelihood-ratio chi-square test. Only when this test was significant did we explored the effect of the significant independent variables. Models were simplified by backward stepwise elimination of those variables with the highest P-value. Thus, only significant variables remained in the final models.

In addition, we used multiple linear regressions to test the relationship between parasite abundance and body condition of adult and nestling blue tits. Statistical analyses were performed in STATISTICA 72 and SPSS (IBM Corp. Released 2017. IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY, United States: IBM Corp).



Data Deposition

Data are available at the Digital CSIC repository.



RESULTS


Concentration of Gasses in the Ecosystem

During the nesting period (24 May–20 June), the study area experienced eight rainy days with a total rainfall of 39.8 mm, and the average temperature was 13.7°C (Table 1). The mean concentration of CO2 of the forest air ranged from 411 to 547 ppm, and the isotopic signal (δ13CO2) from −8.56 to −12.21‰. The highest CO2 values for forest air were recorded on the warmest days due to increased flow from the soil: during drier periods, soil humidity decreases, which induces increased gas diffusivity (Werner et al., 2006; Garcia-Anton et al., 2017). CO2 mean values from soil air ranged from 887 to 15,025 ppm, and the isotopic signature (δ13CO2) varied from −16.5 to −22.4‰. These data are consistent with the local climate and C3 vegetation. The CO2/δ13C-CO2 results of the forest and soil air sample analyses were studied using the Keeling approach. This method is widely used to characterize the δ13C-CO2 of ecosystem respiration (Garcia-Anton et al., 2014). The intercept value of the Keeling plot (δ13Cs) for the samples collected over the monitoring period was −22.77‰, indicating a prevalence of C3 plant activity in the oak woodland study area (C3 plant activity reference value is around −27‰, Amundson et al., 1998), plus a 4.4‰ diffusional enrichment from soil (Yakir and Sternberg, 2000).


TABLE 1. Average data of environmental conditions of the study area (Valsain; Segovia, central Spain, 40° 53′ 74 N, 4° 01′ W, 1,200 m a.s.l) during blue tit nesting period.
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Gas Concentrations, Relative Humidity, Age and Brood Size

At the start of the sampling period (May 18, 2016), we did not observe any significant difference in the concentration of CO2 between the air inside empty nest boxes (without eggs or nestlings) and the forest air (unpaired t-test: t = 1.27, df = 5, p = 0.259; Tables 1, 2). However, there was a significant difference in their isotopic signal, indicating that nest air was isotopically lighter than forest air [δ13CO2(‰); unpaired t-test: t = −2.90, df = 5, p = 0.033; Tables 1, 2]. CH4 concentration was significantly lower inside the empty boxes compared with the forest air (unpaired t-test: t = −5.73, df = 5, p = 0.002); however, no significant difference was observed in the CH4 isotopic signal [δ13CH4(‰); unpaired t-test: t = 2.27, df = 5, p = 0.072; Tables 1, 2].


TABLE 2. Average values of concentration (ppm) and isotopic signals (‰) of CO2 and CH4 from nest-boxes without nestlings.

[image: Table 2]CO2 concentration was higher inside nest boxes than in the forest air during the nesting period (ANOVA mixed model, F1,250.96 = 219.10, p < 0.0001); this difference was maintained at all nestling ages (ANOVA mixed model, measurement location × nestling age interaction: F3,259.65 = 21.34, p < 0.0001, Figure 1). Moreover, CO2 concentration inside nests differed significantly according to nestling age with the highest concentrations observed at 8 and 20 days of age and the lowest at 3 and 13 days of age (ANOVA mixed model, F3,250.77 = 30.12, p < 0.0001; Figure 1). Likewise, CO2 concentration was positively and significantly related to relative humidity (ANOVA mixed model, F1,263.32 = 13.71, p < 0.0001) and to brood size (F1,57.65 = 4.51, p = 0.038). The results of the CO2 isotopic signal [δ13CO2(‰)] analysis gave similar but inverse results (lower level inside nests than outside; data not shown) (Measurement location: ANOVA mixed model, F1,268.60 = 1134.56, p < 0.0001; Nestling age: F3,263.75 = 38.10, p < 0.0001; Measurement location × nestling age interaction: F3,247.37 = 22.43, p < 0.0001]. Temperature, instead of relative humidity, was negatively and significantly related to δ13CO2(‰) (ANOVA mixed model, F1,270.95 = 4.13, p < 0.043), whereas brood size was positively related to δ13CO2(‰) (F1, 51.26 = 13.60, p = 0.001).
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FIGURE 1. Average concentration of CO2 (log10) inside nest-boxes and in forest air at different nestling ages (days 3, 8, 13, and 20). Bars show mean ± SE.


CH4 concentration was lower inside occupied nests boxes than in the forest air (ANOVA mixed model, F1,240.53 = 659.99, p < 0.0001) at all nestling ages (ANOVA mixed model, measurement location × nestling age interaction: F3,240.86 = 3.30, p = 0.021, Figure 2). Moreover, CH4 concentration inside nests differed significantly according to nestling age (ANOVA mixed model, F3,249.13 = 12.19, p < 0.0001). The highest concentration was observed at day 3 and the lowest at day 20. In addition, CH4 concentration was negatively and significantly related to hatching date (ANOVA mixed model, F1,51.24 = 9.40, p = 0.003) and positively to relative humidity (F1,223.18 = 16.10, p < 0.0001). The results of the CH4 isotopic signal [δ13CH4 (‰)] analysis showed similar but inverse patterns (a higher isotopic signal in nests that in the forest; see also Figure 3) (Measurement location: ANOVA mixed model, F1,265.55 = 427.87, p < 0.0001; Nestling age: F3,259.21 = 4.11, p = 0.007; Measurement location × nestling age interaction: F3,241.77 = 11.82, p < 0.0001). δ13CH4(‰) was positively related to temperature and relative humidity (ANOVA mixed model, F1,281.50 = 10.82, p = 0.001 and F1,273.79 = 9.95, p = 0.002, respectively) and negatively to hatching date (F1,47.65 = 11.27, p = 0.002).
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FIGURE 2. Average concentration of CH4 (log10) in nest boxes and forest air at different nestling ages (days 3, 8, 13, and 20). Bars show mean ± SE.
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FIGURE 3. Concentration values of methane (CH4) and δ13C-CH4 from samples taken at the nest-boxes (black dots) and from the outdoor air samples (white dots) throughout the monitoring period. The direction of increase in methane oxidizing bacteria (MOB) activity is shown by an arrow.


Once nestlings fledged, CO2 concentration did not differ between nest and forest air (unpaired t-test: t = 0.60, df = 16, p = 0.554); however, the isotopic signal [δ13CO2(‰)] was lower inside nests (unpaired t-test: t = −2.59, df = 16; p = 0.019). By contrast, CH4 concentration was significantly lower and the isotopic signal [δ13CH4(‰)] heavier inside nests once nestlings fledged compared with the forest air (unpaired t-test: t = −8.07, df = 16, p < 0.001 and unpaired t-test: t = 3.22, df = 16, p = 0.005, respectively; see Tables 1, 2).



Nest Ectoparasites

The abundances of the different parasites collected in the blue tit nest boxes are shown in Table 3. We found a significant positive relationship between the abundance of biting midges (Culicoides spp.) and differences in CO2 levels between forest air and air inside nest boxes at day 20 of nestling age (B = 0.001, F1,14 = 5.78, p = 0.031; Figure 4). The presence of an influential data point could drive this relationship; however, the binomial approach was used to control for the aggregated distribution of parasites in the wild. The presence of high numbers of Culicoides in a few nests is frequently observed in our study area and, therefore, is part of the natural variation. When we excluded this data point from the comparison, the relationship was no longer significant (B = 0.001, F1,13 = 0.33, p = 0.577).


TABLE 3. Abundance and standard deviation of the different ectoparasites collected in blue tit nest-boxes.

[image: Table 3]
[image: image]

FIGURE 4. Relationship between the difference in concentration of CO2 between nest and forest ([CO2 nest] – [CO2 forest]) at day 20 of nestling age and abundance of biting midges at day 13.


We also found a significant positive relationship between blackfly abundance and CH4 differences at day 8 of nestling age (B = 11.26, F1,39 = 10.78, p = 0.002; Figure 5). As in the case of the biting midges, it is not uncommon to observe high numbers of blackflies in some nests in the wild. In this case, however, the relationship was still significant after excluding the potentially influential data point (B = 11.28, F1,38 = 17.38, p < 0.001). Blowfly abundance was not significantly related to any of the variables at any nestling age (data not shown, p > 0.05 in all cases).
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FIGURE 5. Relationship between the difference in concentration of CH4 between nest and forest ([CH4 nest] – [CH4 forest]) at day 8 of nestling age and abundance of Simuliidae at day 13.


We observed a significant positive relationship between mite abundance and CO2 differences at days 3 and 20 of nestling age (B = 0.002, F1,38 = 9.59, p = 0.004 and B = 0.001, F1,12 = 6.75, p = 0.023, respectively) and between mite abundance and CH4 differences at day 20 of nestling age (B = 35.86, F1,12 = 14.37, p = 0.003). Mite abundance also appeared to have a significant positive relationship with brood size at day 3 of nestling age (B = 0.287, F1,38 = 4.43, p = 0.042) but a negative one at day 20 (B = −0.475, F1,12 = 4.93, p = 0.046).

Ceratophyllus gallinae (flea) larval abundance was significantly and negatively related to brood size at days 13 and 20 of nestling age (B = −0.613, F1,40 = 9.32, p = 0.004 and B = −0.493, F1,14 = 7.33, p = 0.017, respectively), and positively to relative humidity at day 13 (B = 11.26, F1,40 = 9.38, p = 0.004). The relationships among the other variables including gasses, humidity, brood size and ectoparasites were not significant according to the results of an Omnibus test (P > 0.05, data not shown).

The female body condition was not related to any of the variables except blowfly pupal abundance, with which it had a significant negative relationship (multiple linear regression, F1,33 = 10.17, p = 0.003). Male and nestling body condition were not significantly related to the abundance of any of the ectoparasites (p > 0.05 in all cases).



DISCUSSION

The concentration of gasses (i.e., CO2 and CH4) inside bird breeding cavities has been poorly studied, much less the effects of these gasses on the attraction of parasites to nests, and their growth once inside the nests. In this study, we showed that CO2 and CH4 concentration and isotopic signal [δ13CO2(‰) and δ13CH4(‰)] inside blue tit (C. caeruleus) nest boxes differed from forest air during the nestling period (from 24 May to June 20) in an ecosystem dominated by the activity of C3 plants. Air inside nest boxes had a higher concentration of CO2 and a lighter δ13CO2(‰) than forest air. A similar result has also been observed in studies of burrow nesting birds [e.g., the European bee-eater M. apiaster (White et al., 1978) and the Sand Martin R. riparia, (Mondain-Monval and Sharp, 2018)]. Before and after the nestling period, we did not find any significant differences between the concentration of CO2 in nest-box and forest air. Thus, as expected, nestlings increase the concentration of CO2 inside nests and more nestlings imply a higher concentration of this gas. Slight but significant differences in the isotopic signal of CO2 in the absence of nestlings suggest the presence of microbial activity in the nesting material.

In our study, the greatest differences in CO2 concentration between air inside nest boxes and forest air were observed at days 8 and 20 of nestling age. Morganti et al. (2017) showed that blue tit nestlings have a greater mass gain between days 4 and 8 of nestling age. Therefore, changes in the CO2 concentration observed on day 8 may have been due to an increase in growth and, in turn, metabolic rate after hatching, resulting in a higher level of CO2 inside nest boxes. An increase in the metabolic rate of nestlings may also be due to the initiation of thermoregulatory development, a process that usually begins around 8 days of age in passerine birds (Visser, 1998; Pereyra and Morton, 2001). In addition to higher CO2 production by nestlings due to thermoregulation is the respiratory effect of adult females that may have been still brooding small chicks and staying inside the nests for long periods. The greatest difference in CO2 concentration between nest and forest air was found on day 20 of nestling age. This difference could have been due to the higher level of activity that nestlings display just before leaving the nest. Previous studies have also found a relationship between nestling age and gas concentration in nests. For example, Wickler and Marsh (1981) reported increases in CO2 concentration as nestlings aged in the nest chambers of bank swallows (R. riparia), and Mersten-Katz et al. (2012) found that woodpecker nestlings have little influence on the concentration of CO2 inside nests until they reach 15 days of age and become more active within the nests.

To our knowledge, this study is the first to analyze the concentration of CH4 in nest boxes throughout the nestling period. In contrast to our results for CO2, we observed a lower concentration of CH4 and a significantly heavier isotopic signal [δ13CH4(‰)] inside nest boxes compared with forest air. This difference was evident even in the nests without nestlings, indicating that methane-oxidizing bacteria (MOB), which are thought to be the main consumer of CH4 (Hanson and Hanson, 1996), are active inside nest boxes from the very beginning of the breeding season. MOB activity may be more intense and slightly modified in nests due to the insulating effect of the boxes and the metabolic activity of the birds inside (probably related to the accumulation of waste and feces). Also, the negative relationship observed between CH4 concentration and hatching date indicates that MOB activity increases as the season progresses. Figure 3 shows that the progressive decrease in CH4 concentration in nest air during the nesting period is linked to the increase in δ13C-CH4 values. This result shows that the pattern of CH4 oxidization occurring in the ecosystem due to the presence of MOB in the forest soil is the same but less intense as the one observed in the nests. In other words, it is proof of intense microbial activity within nests, which may be related to bird health or the presence and/or abundance of parasites. Finally, compared with nest and forest air, the concentration of CH4 in soil air was always lower and the isotopic ratio was always lighter (see Table 1). These data are consistent with the removal of CH4 from aerobic soils by bacterial oxidization (Conrad, 1996) and the subsequent consumption of the atmospheric methane in the ecosystem.

We are unaware of any studies investigating the relationship between gasses inside nest cavities and abiotic factors (i.e., relative humidity and temperature) during the nestling period. In our study, CO2 concentration inside nest boxes was positively and significantly related to relative humidity at different nestling ages. The presence of nestlings (which increase CO2 levels) may increase transpiration, leading to an increase in relative humidity inside nests. The concentration of CH4 was also positively related to relative humidity, perhaps due to an indirect effect of humidity on bacterial activity. However, studies that experimentally test this potential effect are needed to confirm the relationships among these factors. In the case of the isotopic signals, temperature showed a negative relationship with δ13CO2(‰), whereas temperature and relative humidity were both positively related to δ13CH4(‰). Nestlings may increase the temperature inside nests, which could favor the dilution of gasses. The nature of these relationships, however, is still unclear and merit more research to be fully understood.

Our starting hypothesis was that differences in gas concentrations between nests and the forest could be an attraction cue for ectoparasites. The significant difference observed in the concentration of both CO2 and CH4 between nest and forest air support that possibility. In this respect, we expected to find a positive relationship between changes in gas concentration and ectoparasite abundance, particularly of those parasites actively seeking hosts (i.e., blackflies, biting midges, and blowflies). The positive relationship observed between biting midge abundance and CO2 concentration differences between nest and forest air at day 20 of nestling age clearly indicates that biting midges can use CO2 concentration inside nests as a cue to locate their hosts (Figure 4). We also observed a positive relationship between blackfly (Simuliidae) abundance and CH4 concentration differences between nest and forest air. That is, blackflies were more abundant in nests that had a high CH4 concentration and lower concentration differences between nest and forest air (Figure 5). A low concentration of CH4 inside nests implies a high level of bacterial activity, which could be, in some way, detrimental to blackflies. In fact, bacteria have been used to infect larvae as a means to control blackfly populations (De Barjac, 1978; Hougard and Back, 1992); however, the bacteria used in this system could be different than those growing in the nests. Further investigation of the bacterial composition of the nests would be needed to confirm this hypothesis. It is also possible that blackflies are initially attracted to hosts based on visual cues and only use host odors (e.g., ether extracts and CO2) once a host has been located (Fallis and Smith, 1964). Alternatively, Tomás and Soler (2016) have proposed that acoustic signals produced during nestling begging behavior attract blood-feeding insects to nests. We did not observe any significant relationship between blowfly abundance and gas concentration differences at any nestling age, indicating that this fly species does not use CO2 or CH4 concentration to locate their hosts, but rather relies on other attraction cues.

We observed some correlation between differences in gas concentration and mite abundance. In contrast to other ectoparasites, mites must be transported to new nests by way of adult birds, for instance, when they visit old nests or cavities containing mites (Proctor and Owens, 2000). In some cases, mites can also reach a new nest by phoresy on other arthropods (Marshall, 1981, p. 274). Thus, it is possible that some mites reached the nests via other arthropods that use CO2 concentration as an attraction cue. Alternatively, the positive relationship between CO2 differences and mite abundance at day 3 of nestling age may be associated with brood size: a high number of nestlings (and hence higher CO2 production) may be needed at the beginning of nestling development to enable mite population growth within nests. Mites go through several life cycle stages before reaching adulthood. In this context and given their short life span, mite population growth might depend more on the initial number of nestlings rather than on nestling age. Another possibility is that mites may have disturbed brooding females at the beginning of the nestling period, causing them to produce more CO2, thus accounting for the positive relationship between mite abundance and CO2 concentration at day 3 of nestling age. The positive relationship between mite abundance and CH4 concentration differences at the end of the nestling period (day 20) might be related to bacterial activity, as suggested in the case of blackflies. The negative relationship observed between brood size and flea abundance at days 13 and 20 of nestling age and between brood size and mite abundance at day 20 could be due to the fact that some of the nestlings at those ages abandoned some of the more infested nests (see e.g., Berggren, 2005).

Temperature and humidity are important factors for ectoparasite development. For example, several studies have shown that a high humidity environment can favor an increase in the number of ectoparasites (Heeb et al., 2000; Moyer et al., 2002). The positive relationship between relative humidity and larval flea abundance inside nests could be explained by the importance of humidity for their development. Indeed, an experimental increase in temperature inside blue tit nest boxes leads to a reduction in relative humidity and in the number of blowfly pupae in nests (Castaño-Vázquez et al., 2018).

Blowfly pupal abundance was negatively and significantly related to the condition of blue tit females. Tomás et al. (2005) also found a negative effect of blowfly pupae on the mass of blue tit females in the same study area. This relationship is indicative of an extra effort made by females trying to compensate for the effect of blowflies on nestlings, supporting the idea that females pay part of the cost of parasitism on nestlings (Tripet and Richner, 1997; Bouslama et al., 2002).

Differences between the atmospheric gas composition of nest boxes and the surrounding forest appear to be a cue, among other potential ones, used by, at least, biting midges to locate hosts. On the basis of our results, we cannot conclude that gas concentration differences act as an attraction cue for the other parasites, which may use other cues. Clearly, more studies are needed to better understand the relationships among nest cavity environment, hosts, parasites and even bacteria living in nests. In this respect, studies that analyze gas composition, and its variation, inside nest boxes would provide key insights on the host–parasite relationships of these organisms.
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