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Abstract

Despite their high pathogenicity, limited knowledge is
available on intrahost migration pathways and microhabitat
distribution of pseudaliid lungworms. In this study, the dis-
tribution of Halocercus delphini in the lungs of the striped
dolphin, Stenella coeruleoalba, was analyzed on three scales:
between the right and left lungs, within the lungs, and
between worm clusters. Evidence of a relationship between
the distribution of H. delphini and the perfusion of the lungs
of S. coeruleoalba is provided by the consistent correlation
of these two factors, both on a longitudinal scale and by the
difference in parasite burden between the left and right
lung. This relationship, when coupled with the nested pat-
tern of colonization, suggests that this species, like many
other metastrongyloids, migrates to the lungs via the circu-
latory system. Additionally, the concentration of lungworms
around the major airways could be a further reflection of
the well-perfused nature of these passageways. Equally, this

distribution could be a strategy to minimize the distance
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that larvae must travel to exit the lungs via the trachea, as
do most other metastrongyloids. On a more localized scale,
the tendency of H. delphini to form distinct heterosexual
clusters even at low infection intensities indicates active

mate-seeking behavior for reproduction.

KEYWORDS
cetaceans, Halocercus delphini, lungs, lungworms, microhabitat,
Pseudaliidae, Stenella coeruleoalba, striped dolphin

1 | INTRODUCTION

The Pseudaliidae are a family of metastrongyloid lungworms almost exclusive to cetaceans, having been reported in
ca. 29 odontocete species worldwide (Fraija-Fernandez et al., 2016; Measures, 2001). Despite their name,
pseudaliids can be found not only in the lungs, but also in the cranial sinuses, where heavy worm burdens can cause
osseous lesions (Measures, 2001). In the lungs, severe infections have been linked to a variety of negative health
effects on their hosts. For instance, lesions produced by Torynurus convolutus and Pseudalius inflexus in the harbor
porpoise, Phocoena phocoena, led to secondary bacterial infections and the subsequent onset of pneumonia, which
was recognized as the cause of death for ca. 50% of hosts examined in the North and Baltic Seas (Siebert
et al., 2001). Likewise, verminous pneumonia caused by Stenurus arctomarinus was deemed a contributory factor in
strandings of beluga whales, Delphinapterus leucas in Alaska (Burek-Huntington et al., 2015).

There is evidence that pseudaliids may use both trophic and direct transmission (e.g., lactogenic, transplacental)
to infect their cetacean hosts (Pool, Chandradeva, et al., 2020). Therefore, an obvious question is the matter of how
pseudaliids reach their final microhabitats where the adults are found. Despite numerous and extensive parasitologi-
cal surveys of cetaceans (Mateu et al., 2014), we are not aware of any study that has addressed this question, nor
one that has reported the detection of migrating larvae for any pseudaliid species. Other members of the Meta-
strongyloidea are known to use a variety of migration pathway(s) depending on the species, although those infecting
the lungs typically use the adventitia of the arteries or the bloodstream to reach the lungs (Anderson, 2000). In
pseudaliids, some observational data also suggest a link between the circulatory and the respiratory system in the
case of Pseudalius inflexus which, on occasion, has been found in the heart and arteries of harbor porpoises, Phocoena
phocoena, (Brosens et al., 1996; Geraci, 1979). However, whether lung-dwelling pseudaliids use the circulatory
system as a migration pathway remains unexplored.

Another interesting issue that has never been investigated concerns the factors that drive the selection of specific
microhabitats by lung-dwelling pseudaliids once the larvae have reached the lungs. In general, the distribution of hel-
minths within organs can be accounted for by three major functional factors: (1) parasite specialization, which leads
worms to select certain parts of the organ due to previous adaptations to a specific set of conditions; (2) competition,
which may affect the spatial distribution of worms when a resource, e.g., food or space, is limited; and (3) the enhance-
ment of mating opportunities, which can lead worms to aggregate in certain microhabitats to maximize sexual encoun-
ters (Holmes, 1990, Rohde, 1994). Two additional factors may affect worm distribution without necessarily impacting
their fitness: the passive transport of worms within the organ by the host's physiology (Aznar et al., 2006;
Lymbery, 1989), or the restriction of certain microhabitats as a side-effect of immune mechanisms (Holmes, 1990).

In this study, we examined the distribution of the pseudaliid, Halocercus delphini, in the lungs of the striped
dolphin, Stenella coeruleoalba, with two major goals in mind. First, we focused on the relationship between the
worm's distribution in the lungs and its potential migration pathway(s) through the circulatory system. To this end,

we adopted an indirect approach using two spatial scales. On the one hand, we compared worm numbers
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between the left and right lungs. In cetaceans, the cranial lobe is more pronounced and elongated in the right lung,
which has an additional bronchus leading from the trachea, the bronchus trachealis (Kida, 1998; Piscitelli et al., 2013).
The presence of this additional airway must increase blood perfusion in the right lung, and consequently increase its
parasite burden if H. delphini uses the circulatory system to reach the lungs. On the other hand, in both lungs the
number of bronchioles varies along the longitudinal axis (Nakakuki, 1994). This means that the number of arterioles,
thus the relative blood perfusion, must also vary along the lungs' longitudinal axis. Thus, we tested whether the lung
regions with a higher number of arterioles also had higher numbers of H. delphini.

The second goal of this study was to examine the microhabitat distribution of H. delphini. This dioecious parasite
is very small (body length of males is ca. 5 mm; see Pool, Fernandez, et al., 2020) and, therefore, our working hypoth-
esis was that H. delphini should tend to occur in heterosexual aggregates to enhance mating opportunities (Lymbery,
1989; Rohde, 1994). To investigate this hypothesis, we selected “focal” worms across the lung and collected all sur-
rounding individuals around them, if any. This allowed us to quantitatively assess the extent to which H. delphini indi-

viduals occur in aggregates, as well as the number of males and females of each aggregate.

2 | METHODS
21 | Lung data collection and infection parameters

Samples were obtained from a total of 120 striped dolphins that were found stranded along the Mediterranean
coast of Spain (Valencian Community, between 40°31’00”N, 0°31’00”E and 37°50’00”N, 0°45'42"W) in the period
1987-2018. Only carcasses in preservation states 1-3 sensu Geraci and Lounsbury (2005) were selected for analy-
sis. During necropsy the lungs were collected and frozen at —20°C. Lungs were thawed for 24 hr prior to analysis.

Except otherwise stated (see Sections 2.3 and 2.4 below), lungs were cut along the airways from the bronchus
to the caudal apex, the parenchyma being examined macroscopically for the presence of lungworms. The lung tissue
was also periodically rinsed throughout the dissection over a 0.2 mm sieve to wash away any blood obscuring worm
detection. After dissection, the lung tissue was soaked in a tray and the water filtered through the sieve. The
contents of the sieve were washed with saline into a Petri dish where they were then examined with a stereo
microscope for further collection of nematodes. All fragments and whole worms were stored in 70% ethanol. Lung-
worms were examined under a light microscope and identified following Baylis and Daubney (1925), Gallego and
Selva (1979), and Anderson (2009). Due to the tendency of H. delphini to form knots in the parenchyma with their
anterior ends, lungworms were difficult to extract whole, and thus the total number of worms was estimated as the
number of complete and/or incomplete worms with their caudal end intact.

Infection parameters are defined as in Bush et al. (1997) and Rdzsa et al. (2000). “Prevalence” refers to the
frequency of infected hosts, expressed as percentage; “intensity” is the number of worms in an infected host; “mean
intensity” is the average number of worms per individual host in the subset of infected hosts; and “mean abundance” is
the average number of worms per individual host considering all analyzed hosts, both infected and uninfected. To cal-
culate 95% confidence intervals (Cl), Sterne's exact method was used for prevalence and the bias-corrected and accel-
erated bootstrap method with 20,000 replications was used for mean intensity and abundance (Reiczigel et al., 2019).

2.2 | Comparison of right versus left lung

In a random sample of 19 dolphins, the right and the left lungs were weighed separately on a scale to the nearest
0.1 g, and their masses were compared using a paired t-test. Our expectation was that the right lung was heavier
due to presence of its enlarged cranial lobe and the bronchus trachealis and, therefore, the test was one-tailed. Like-
wise, the number of worms between right and left lungs was compared with one-tailed Wilcoxon's paired test, using

a sample of 94 dolphins.
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Assuming that the potential difference of parasite loads between lungs are related to number of blood vessels
and blood perfusion, we expected that the proportion of total worms in the right lung would remain constant at
increasing intensity. We tested this hypothesis with generalized additive models (GAMs), which allowed us to fit a
smoothed nonlinear function via penalized thin-plate regression splines (Wood, 2017). Since we dealt with propor-
tions, a Beta regression distribution and a logit link function were used. The models were fitted based on the general-
ized cross-validation criterion (GCV), which controls for over-smoothing and automatically selects the effective

degrees of freedom. Diagnostic plots of residuals were checked to examine model suitability (Wood, 2017).

2.3 | Worm distribution within the lung

In a sample of 14 dolphins, either the right or left lung was randomly selected and analyzed as described in Section
2.1, whereas the other lung (seven left and seven right) was used to describe the distribution of H. delphini within
the lung. Each lung was first measured longitudinally and then pierced with a metal skewer wrapped in hemp cord;
the skewer entered from the bronchus and followed its trajectory to exit at the caudal apex of the lung. After remov-
ing the skewer, the cord was left behind to mark its trajectory, and to act as a proxy for the bronchus in the parts of
the lung where the bronchus had already separated into several smaller airways. The lung was then placed ventral-
side down and cut laterally into ten slices of equal thickness, numbered 1 to 10, from the cranial to the caudal end

(Figure 1). Using a transparent 5 x 5 mm circular grid, the distance was measured between the bronchus wall/the
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FIGURE 1 Schematic of the lung dissection protocol for the analysis of microhabitat use by the lungworm
Halocercus delphini in the striped dolphin, Stenella coeruleoalba.
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hemp cord and the furthest edge of the slice. This distance was divided to create, in the 3rd to 8th slices, three rings
of equal thickness to represent the nuclear (N), intermediary (1), and peripheral (P) zones of the lung parenchyma sur-
rounding the bronchus (Figure 1). Each of the 22 pieces of parenchyma was weighed on a scale (to the nearest 0.1 g)
and had its volume measured (to the nearest ml) via water displacement in a 250 ml measuring cylinder. Each piece
was then dissected individually in a Petri dish and analyzed for lungworms.

Kendall's concordance tests were used to assess the repeatability, from dolphin to dolphin, of patterns of worm
number and density (per kilogram or liter) along the longitudinal axis (lung slices) or transversal axis (rings). The
effects of increasing intensity on worm distribution along both axes was examined using (1) a mean location of
worms as a measure of position (Moore & Simberloff, 1990) and (2) Levin's normalized niche breadth index as a mea-
sure of the worms' distribution spread (see, e.g., Simkova et al., 2000). To calculate mean location in each lung, slices
were numbered from 1 to 10 (cranial to caudal), and rings were named N, |, P (nuclear to peripheral), respectively;
then, the slice or ring in which each worm was found was recorded. The mean location of colonization (i.e., the slice
or ring in which a worm was most likely to be encountered) was then calculated as the mean of the weighted average
location in each lung using the total number of worms in each section for the longitudinal and transversal axes.

Levin's normalized niche breadth (B,,) was calculated as:
B, = 1/RY p?
7

where p is the proportion of lungworms found in each unit i of a lung (i.e., slice or ring), and R is the number of units
available. B, varies from 1/R (all worms are concentrated in a single unit) to 1.0 (worms are equally distributed among
units). Spearman's correlations were then used to test for monotonic trends of mean location and B, at increasing

overall lungworm intensity in the lung.

2.4 | Relationship between worm distribution and lung vascular system

We also investigated whether there was a positive relationship between worm distribution and the topology of the
lung vascular system; we focused on the distribution of the segmental pulmonary arteries, which bring the blood
from the heart to the lung tissues. To ascertain the distribution of these arteries, silicone casts of both the bronchial
tree and the lung vascular system were obtained from a subadult striped dolphin from the Atlantic Center for
Cetacean Research, University Institute of Animal Health and Food Safety (IUSA), University of Las Palmas de Gran
Canaria, Las Palmas, Spain. The animal stranded alive and died one hour later, after which it was frozen to be
necropsied later. During the necropsy, the cardiorespiratory system was removed and cleaned to remove blood clots.
To obtain a cast of the bronchial tree, white silicon was pumped through the trachea with a 60 ml syringe, whereas
liquid latex (300 ml) was used to obtain the cast of the blood vessels. Blue latex was pumped through the right
atrium to fill the right ventricle, the pulmonary trunk, and the lung arteries; red latex was pumped through the left
atrium to reach all the pulmonary veins. After 24 hr, the heart and lungs were submerged in 20% diluted sodium
hydroxide and left for a week to remove the organic tissue. Further tissue remains were washed off with tap water.

Nakakuki's (1994) description of striped dolphin lungs was used to identify and name bronchioles in the cast,
and to position each bronchiole with respect to each of the 10 longitudinal slices of the lung. The segmental arteries
associated with each bronchiole were also visually counted in the cast, and their total number was considered as a
proxy of the relative blood flow entering each lung slice.

We investigated whether the number of segmental arteries was a significant positive predictor of the number of
worms found in each longitudinal slice via multilevel generalized linear mixed models (GLMM) based on the negative
binomial distribution and a log link function. Following Singer's (1998) terminology, at level-2, “lung” (with two levels,

left or right) and “host individual” (n = 14) were included in the fixed and random effects portions of the model,
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respectively; at level-1, “no. arteries” and “slice mass” or “slice volume” (as a measure of space available for worm
settlement) were included in the fixed effects portion, and “slice number” (n = 10) in the random effects portion.
The interaction “lung x no. arteries” was also included in the fixed effects portion to test for potential differences of
regression slopes between the right and the left lung. Note that number of arteries and slice mass (or slice volume)
were also initially included in the random effects portion of the models via an unstructured covariance structure
(Singer, 1998). In this way, the intercepts and slopes of the regressions of the no. worms with the no. arteries or slice
mass (or volume) were allowed to vary across host individuals (Singer, 1998). However, Akaike's information criterion
(AIC) values (see below) increased enormously in this case and, therefore, the random effects of number of arteries
and slice mass (or volume) were not further considered. All models were fitted using restricted maximum likelihood
using a robust covariance structure; the degrees of freedom were calculated via the Satterthwaite approximation
(Bolker et al., 2009).

GLMMs were also used to model the transversal distribution of H. delphini in the lung. In this case, the
number of worms in the N, I, and P rings (regardless of longitudinal slice) was considered the dependent variable;
at level-2, lung (with two levels, left or right) and host individual were included in the fixed and random effects
portions of the model, respectively; at level-1, ring (with three levels ordered from inner to outer arrangement,
i.e., 1 for N, 2 for | and 3 for P) and slice mass (or volume) in the fixed effects portion of the model; these
predictors were also initially included in the random part of the model (see the previous paragraph) but were
eventually not considered based on AIC analysis. The interaction “lung x ring” was also included in the fixed
effects portion of the models.

In the two GLMM analyses above, competing models with different numbers of predictors were compared
based on values of Akaike's information criterion (AIC). The model with the lowest AIC for small sample sizes (AICc)
was considered the best model, and the rest of the models were ranked according to increasing AlICc values
(Anderson & Burnham, 2004). Models with values of AAICc <2 with respect to the best model were considered to
have substantial empirical support, whereas those with AAICc >4 were considered to have considerably less support
(Anderson & Burnham, 2004) and will not be shown. Akaike weights (w;) were calculated for models AAICc <2
according to Anderson and Burnham (2004).

2.5 | Microscale analysis

In a third sample of 18 dolphins, either the right or left lung was randomly selected and examined as described in
Section 2.1; the other (10 left and 8 right) was used to obtain data on potential clusters of lungworms. In this case,
the lungs were dissected by cutting along the airways from the bronchus to the caudal apex, but upon the discovery
of a lungworm (hereafter a “focal lungworm”) the surrounding tissue was carefully cut and extracted to a radius
approximately the same length as the visible caudal extremity of the focal lungworm. This radius allowed the focal
lungworm to be maintained whole and also allowed the inclusion of neighboring lungworms that were close enough
for reproduction to take place. Using a stereo microscope, the extracted tissue was dissected in a Petri dish with
saline and all worms were identified and sexed. We attempted to find as many focal lungworms as possible in each
lung, but due to the tendency of these lungworms to form knots in the parenchyma tissue, worms were fragile, and
detection of intact worms was difficult. The rest of the lung tissue was carefully dissected, and all worms previously
missed were then collected and counted.

To better interpret sex ratio composition of worm clusters, overall values of sex ratio for the whole lungworm
population per host were obtained from a sample of 86 lungs (41 left and 45 right), each from a different dolphin.
The sex ratio was calculated as the percentage of males present, and 95% Cl for the average value per lung (n = 86)
was set using the bootstrap method described in Section 2.1.

We explored whether the number of worms in the clusters around any focal worm increased with parasite inten-

sity. To this end, we calculated the median number of worms per cluster for each dolphin and used linear regression
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to test for a positive association with intensity. Potential changes of sex ratio in individual clusters with parasite
intensity were investigated with a GAM as described in Section 2.2.

Quantitative Parasitology version 3.0 was used to calculate parasite burden parameters (Rézsa et al., 2000). All
other statistical analyses were performed with SPSS version 26 (IBM Corp., Armonk, NY) or R (R Core Team, 2020).

The significance level was set at p < .05.

3 | RESULTS
3.1 | Infection parameters

Of the 120 dolphins, 94 (78.3%, 95% Cl [70.1-85.1]) were infected with a total of 6,653 specimens of H. delphini;
mean abundance per dolphin was 55.4, 95% Cl [40.9-76.3] and mean intensity 70.8, [52.5-94.0]. Individuals of
another lungworm species, namely, Stenurus ovatus, were found in only 7 of the 120 dolphins (5.8%, thus their

potential influence on the overall distribution patterns of H. delphini was considered negligible.

3.2 | Comparison of right versus left lung

As expected, the mass of the right and left lung differed significantly (mean [SD]: right lung 747.0 [248.0] vs. left
lung 638.7 [113.7] g; paired t = —2.70, df = 18, one-tailed p = .007). The abundance of H. delphini was corre-
spondingly higher in the right (mean 29.9, 95% CI[21.8-41.9]) vs. the left (25.6, [18.4-34.4]) lung, and the differ-
ence was highly significant (Wilcoxon's test Z = 2.594, n = 94, one-tailed p = .002). We failed to find a
significant effect of intensity on percentage of worms in the right lung (GAM regression X2 = 0.783, edf = 1.004,
p = .377; Figure 2).
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FIGURE 2 Percent of the total number of the nematode Halocercus delphini occurring in the right lung of
94 striped dolphins, Stenella coeruleoalba. The line and band represent predicted values and the 95% confidence
interval, respectively, of the GAM-predicted smooth splines of sex ratio at increasing intensity.
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3.3 | Worm distribution within the lung

Individuals of H. delphini were detected in all longitudinal lung slices, but their distribution was concentrated towards
slices 4-9 (Table 1); this pattern was moderately repeatable (Kendall's concordance test, W = 0.503, 8 df, p < .001),
but less so when considering worm density instead of number (density [mass], W = 0.207, p = .002; density
[volume], W = 0.200, p = .003). At increasing intensity, worms' occurrence along the longitudinal axis exhibited a
fairly nested pattern, i.e., at low intensity (<20), worms were largely concentrated in slices 4-9, whereas at higher
intensities, they were spread along the whole longitudinal axis but still maintained a higher abundance in these slices
(Table 2). This was confirmed by statistical analysis. First, the mean location (SD) of H. delphini along the longitudinal
axis was 6.30 (0.67), i.e., between slices 6-7, and we found no statistical evidence that the mean location changed at
increasing intensity (Spearman correlation, ry = —0.143, n = 14, p = .625). In contrast, B increased significantly with
intensity (rs = 0.683, n = 14, p = .007).

Along the lung's transversal axis, the number of H. delphini appeared to decrease from the nuclear to the periph-
eral rings (Table 1), in a pattern that was fairly consistent from host to host (W = 0.444, df = 2, p = .002). However,
repeatability dropped substantially when worm density, instead of number, was used (density [mass]: W = 0.097,
p = .257; density [volume]: W = 0.189, p = .071). We did not find any significant relationship between intensity and
mean location (r; = —0.125,n = 14, p = .671) or B (r; = 0.058, n = 14, p = .857).

3.4 | Relationship between worm distribution and lung vascular system

The cast of the bronchial tree and pulmonary vascular system allowed visualization of the main bronchioles and asso-

ciated segmental arteries (Figure 3). The number of these arteries was more concentrated towards the caudal

TABLE 1 Features of distribution of the nematode Halocercus delphini in the lungs of striped dolphin, Stenella
coeruleoalba. Shown are the mean mass and volume of each longitudinal subdivision (slice) and transversal
subdivision (ring) of lungs (right or left pooled), along with the mean abundance, density per mass, and volume. In the
case of the longitudinal axis, the number of segmental arteries for the right (R) and left (L) lung arising in each slice
are also provided (see also Figure 3).

T Mass (g) Volume (ml) No. arteries Abundance Density (worms/kg) Density (worms/L)
Mean SD Mean SD R L Total Mean SD Mean SD Mean SD

1 247 233 274 244 0 0 O 0.6 1.1 345 53.9 224 537
2 404 257 501 341 2 0 2 1.1 1.6 302 426 21.1 34,5
3 610 305 701 317 0O 4 4 1.7 20 2438 27.6 16.6 24.7
4 905 444 1057 492 4 5 9 34 35 405 50.4 321 51.4
5 109.8 458 1301 527 9 4 13 3.1 22 290 22.0 20.0 18.8
6 123.8 423 1454 495 8 7 15 7.3 5.1 64.4 46.9 47.7 39.9
7 1136 348 1287 390 4 6 10 4.9 29 476 33.6 334 283
8 795 313 915 312 7 6 13 54 6.0 672 64.5 53.3 79.4
9 453 203 514 204 2 6 34 2.3 81.2 58.1 58.7 521
10 165 114 177 94 0 O 0.7 09 461 69.0 30.8 51.0
Ring

N 1655 53.0 1865 475 121 119 794 75.8 68.2 65.8
| 2558 1049 2931 1104 107 56 420 17.7 35.7 134
P 1411 606 1711 8346 4.6 39 327 26.3 26.6 20.7
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TABLE 2 Number of Halocercus delphini in each of 10 longitudinal lung slices of 14 striped dolphins, Stenella
coeruleoalba. Dolphins have been arranged according to the total number of worms, and cells with more worms have
been colored darker (color categories: 1-5, 5-7, 8-14, 15-20 worms). Note that a single lung, left (L) or right (R) is
analyzed for each dolphin.

Dolphin
Slice P
1 2 3 4 5 6 7 8 9 10 11 12 13 14
1 0o 0o 0 o 0 1 1 0 1 0 4 1 1 0
2 o 0o 0 o B 3 0 0 1 1 5 1 0 3
3 0o 0o 0 o 0 2 3 2 3 2 3 2 0 7
4 o o 1 2 1 2 2 5 1 2 8 3 9 11
5 o 3 1 o 2 4 3 2 2 6 5 4 3 8
6 6 1 o 3 7 7 4 6 9 12 5 15 9 18
7 o 2 1 6 4 7 7 9 1 8 5 6 7 5
8 o 1 2 o 2 1 6 3 9 6 4 -
9 1 o 3 4 1 1 3 3 6 2 5 7
10 o o 1 1 0 0 1 2 1 0 0 0 3
Total 7 7 9 16 19 28 30 32 34 42 43 43 51 81
Slice
1
3 D1l (2)
D11 (a)
. 2
4
5
6 Be )
Sles)
7 LB 14 (2)
Z
g 50 15(3)
16(1) o
9
10

FIGURE 3 Pulmonary vascular system of the striped dolphin, Stenella coeruleoalba. Pictures on the left show a
dorsal (above) and ventral (below) view of a cast of the bronchial tree (in white), and the associated arterial (in blue)
and venous (in red) system; the right side of the heart is also present. Needles are used to indicate the branching of
airways. Scale bar: 5 cm. Photo credit: IUSA - ULPGC (Consoli, 2016). On the right, a simplified scheme of
Nakakukis's (1994) bronchial tree (abbreviate) nomenclature is shown (red: right lung; blue: left lung), along with the
approximate placement of the 10-slice longitudinal subdivision used in the present study (see the text for details).
The number of segmental arteries associated with each bronchiole is shown parentheses.

D PUe SWiB | 8U} 885 *[202/90/02] U0 A%iqi1auliuo AB|IM eleueD Ueio aQ sewfed se18d PepsRAIUN A TTTET SWW/TTTT'OT/I0pAW0d Ao 1M ARiq Ul |uoj/sdny oy papeojumod ‘0 ‘269.8.LT

o o1 AIq1PUI O/ ST

@5UB01 7 SUOWILOD) dAEaID ajgeat|dde au) Aq pausenob afe sep e O ‘asn Jo sanJ Jo) Ariqi auluo A3|IM uo



10 of 17

POOL et AL

TABLE 3 Competing generalized linear mixed models that account for the number of Halocercus delphini in 10 slices
of equal thickness along the lung's longitudinal axis (see Figure 1) obtained from 14 western Mediterranean striped

dolphins, Stenella coeruleoalba. Models are ordered according to the Akaike's Information Criterion (AIC); those with AAIC

>4 with respect to the best model are not shown. Akaike weights (w;) for the selected models are also provided. “Lung”

indicates whether the lung was left or right, and the parameter value is that of the left lung after setting that of the right

one to zero; ‘No. arteries’ stands for the number of segmental arteries associated with each slice. (See the text for

details).

Model AAIC

No. arteries + Slice 0
volume + Lung

No. arteries + Slice 0.071
mass + Lung

No. arteries + Slice 0.667
mass + Lung +

No. arteries*Lung

No. arteries + Lung 1.167

No. arteries + Lung + 1.467

No. arteries*Lung

No. arteries + Slice 1.849

Volume + Lung +
No. arteries*Lung

Wi

0.243

0.234

0.174

0.136

0.117

0.096

Predictor

No. arteries

Slice volume

Lung

No. arteries

Slice volume

Lung

No. arteries

Slice mass

Lung

No. arteries*Lung

No. arteries

Lung

No. arteries

Lung

No. arteries*Lung

No. arteries

Slice mass

Lung

No. arteries*Lung

Parameter [95% Cl]

0.105
[0.019, 0.190]

0.008
[0.003, 0.013]

—0.600
[-1.329,0.129]

0.102
[0.013,0.191]

0.008
[0.003, 0.013]

—0.600
[-1.329,0.129]

0.093
[0.020, 0.174]

0.009
[0.003, 0.015]

-0.920
[-1.900, 0.061]

0.098
[-0.041, 0.237]

0.174
[0.089, 0.258]

—0.662
[-1.474,0.150]

0.166
[0.085, 0.248]

-1.122
[-2.130, —0.113]

0.100
[-0.042,0.241]

0.095
[0.007, 0.182]

0.008
[0.003,0.012]

—0.894
[-1.842,0.054]

0.063
[-0.077, 0.207]

F gl. g2
5.90 1.111
1001 1.87
3.30 1.11
5.18 1.111
9.52 1.74
1.71 1.11
8.19 1.83
10.13 1.57
3.61 1.38
1.94 1.135
19.14 1.15
3.22 1.11
30.58 1.13
5.10 1.35
1.93 1.136
7.42 1.88
1063 1.71
3.62 1.38
0.80 1.135

p
017

.001

097

.025

.003

217

.005

.002

065

237

<.001

.100

<.001

.030

167

.008

.002

064

374
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TABLE 4 Competing generalized linear mixed models that account for the distribution of Halocercus delphini in 14
western Mediterranean striped dolphins, Stenella coeruleoalba, along the transversal axis of the lung. Models are ordered
according to the Akaike's information criterion (AIC); those with AAIC >4 with respect to the best model are not shown.
Akaike weights (w;) for the selected models are also provided. Data were obtained by dividing individual lungs per dolphin
(seven right and seven left) into 10 slices of equal thickness along the lung's longitudinal axis (see Figure 1). Slices 3 to 8
were further subdivided into three rings of equal width, i.e., inner, intermediate, and outer (see Figure 1), and the number
of H. delphini in each ring were summed up for the six slices. “Lung” indicates whether the lung was left or right, and the
parameter value is that of the left lung after setting that of the right one to zero.

Model AAIC w; Predictor Parameter [95% Cl] F gl. g2 p
Ring + Lung 0 0.516 Ring —0.447 9.54 1.39 .004
[-0.740, —0.154]
Lung -0.561 3.05 1.12 .108
[-1.262,0.141]
Ring + Lung + Ring*Lung 0.784 0.349 Ring -0.523 1.38 9.31 .004
[-0.920, —0.126]
Lung —0.896 1.38 1.99 166
[-2.183, 0.390]
Ring*Lung 0.173 1.38 0.37 .549
[-0.406, 0.753]
Ring 2.676 0.135 Ring -0.456 8.83 1.40 .006

[-0.767, —0.146]

section of the lung, especially in the right lung, in the 4th to 9th slices (Figure 3, Table 1). There was a strong correla-
tion between the number of segmental arteries and the lung mass (Spearman correlation, ry = 0.915, n = 10,
p < .001) or volume (rs = 0.915, n = 10, p < .001) of slices (Table 1).

Along the longitudinal axis, the number and density of H. delphini was higher in larger slices containing more
segmental arteries (Table 1). The GLMM did indeed reveal a specific effect of the number of segmental arteries on
the number of worms per slice (Table 3). All the five competing models with AAICc <2 included a positive effect of
“no. segmental arteries”; furthermore, from a frequentist perspective, this predictor was also statistically significant
in all selected models (Table 3). As may be expected, slice mass or volume had positive effects on the number of
H. delphini, and the right lung had more worms than the left (Table 3).

Only three competing models with AAICc <2 accounted for the distribution of H. delphini along the transversal axis of
the lung, and all of them included “ring” as a negative, significant predictor (Table 4). This therefore indicated that the num-
ber of worms decreased towards the lung periphery regardless of ring mass or volume, or whether the lung is right or left.

Also note that “lung,” but not “ring mass” and “ring volume,” were included in all of the models with AAICc <2.

3.5 | Microscale

A total of 194 worms could be found in 11 of the 18 lungs analyzed, with a total of 55 focal worms in the overall
sample and a range from 1 to 13 per dolphin (Figure 4a). Solitary focal worms were found in 13 cases (23.6%); clus-
ters with 2-4 worms in 30 cases (54.6%), and clusters with >4 worms in 12 cases (21.8%) (Figure 4a). Interestingly,
even in lungs harboring <10 wormes, solitary focal worms were less frequent than those occurring in clusters (5 vs.
6 with >4 worms in 12 cases (21.8%; Figure 4a). Furthermore, there was a strong, linear relationship between
the median number of worms in the cluster and the intensity of infection (linear regression, slope = 0.052, 95% ClI
[0.035-0.069], r* = 0.837, F(, 10 = 46.20, p < 0.001; Figure 4b).

Mean overall sex ratio per lung was strongly biased against males (33.1%, 95% Cl [28.9-37.7]). The GAM regres-
sion of intensity on sex ratio was highly significant (x?> = 19.61, edf = 3.526, p = .00103), although the deviance

explained was low (5.7%). The trend indicates that the bias against males was stronger at intensities <20 worms, then
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FIGURE 4 Distribution and sex ratio of the nematode Halocercus delphini around selected worms (focal worms) in the
lung (right or left) of 11 striped dolphins, Stenella coeruleoalba (see the text for details); (a) Number of individuals per cluster
at increasing intensity; (b) Median number of worms in clusters per dolphin at increasing intensity; (c) Sex ratio (percent
males) at increasing intensity in 86 lungs, 41 left (black dots) and 45 right (empty dots) from different dolphins; (d) Sex ratio
per cluster at increasing number of worms in the cluster. Numbers in parentheses indicate the number of cases
represented by the dot when n > 1. In (b), the line represents the linear regression; in (c) and (d), the lines and bands
represent predicted values and the 95% confidence interval, respectively, of the GAM-predicted smooth splines.

stabilized (Figure 4c). In only 9 of the 86 dolphins the sex ratio favored males; in all cases the intensity was <20
worms, and in 6 it was <10 worms. The mean sex ratio found in worm clusters paralleled that of the overall worm
population per host, i.e., 35.8% (27.4%-44.4%); note that 6 of the 194 worms (3.1%) could not be sexed. Similar to
the overall sex ratio, the bias against males was stronger at lower number of worms (<3 worms) around the focal
worm (GAM regression, x2 = 13.02, edf = 2.272, p = .00668) (Figure 4d).

4 | DISCUSSION

Our results indicate a clear positive relationship between the number of H. delphini and the amount of blood perfu-

sion in the lungs. First, the parasite burden was slightly, but significantly, higher in the right lung, which was also
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significantly larger than the left lung. This difference could be explained by the obvious association between organ
size and degree of perfusion, which could result, at least in part, from the fact that the right lung of striped dolphins
possesses a bronchus trachealis (Nakakuki, 1994), similar to other cetaceans (Kida, 1998). It is perhaps not coinciden-
tal that the region where the bronchus trachealis extends into the right lung (1st-3rd slices) was found to be more
frequently infected (6 out of 7 cases, vs. 4 out of 7 in the left lung). Unfortunately, the lung sample size (n = 14) was
too small to perform a specific test in contrast with the overall comparison between lungs (n = 120).

Second, and more instructively, there was a significant positive relationship between the number of worms per
lung slice and the number of segmental arteries entering each of them regardless of slice size or whether the lung
was left or right. Worms were readily spread along the longitudinal axis of the lung even at low intensities, but
tended to be concentrated in slices with more arteries. Admittedly, some of these arteries traverse several slices,
but the arteries are all concentrated in the lung region with the highest observed density of H. delphini,

In summary, individuals of H. delphini would end up in a specific lung, or a specific slice within the lung,
depending primarily on the number and size of arteries entering each site from the pulmonary artery. This hypothesis
is also supported by the patterns of colonization at increasing intensity. On the one hand, the relative number of
worms colonizing the right lung was unaffected by infrapopulation size; on the other, the occupation of the lung
along its longitudinal axis followed a nested pattern, with worms sequentially spreading, at higher intensities, without
a change in the mean location of worms. Both patterns are easily explained if we consider different colonization
probabilities between lungs, or slices, according to their degree of perfusion. And, because this process is not deter-
ministic, just a low to moderate repeatability of colonization patterns would be expected, as we did indeed observe.

The metastrongyloid nematodes that are more closely related to the Pseudaliidae infect the lungs of carni-
vores (Pool et al., 2023) and have developed different migration routes to reach this organ (Anderson, 2000). In
Aelurostrongylus abstrusus (from cats) and A. pridhami (from minks), the ingested larvae penetrate the gastric wall,
cross the peritoneal cavity, pass through the diaphragm into the thoracic cavity, and move into the lung paren-
chyma by penetrating the visceral pleura (Stockdale, 1970). In contrast, larvae of Filaroides martis (in minks)
migrate via the adventitia of the arteries from the stomach wall to the lung (Stockdale & Anderson, 1970),
whereas larvae of Crenosoma vulpis penetrate the intestine and enter the hepatic portal vein where they are car-
ried by the bloodstream to the heart and then finally to the lungs via the pulmonary circulatory system
(Stockdale & Hulland, 1970). Data from the present study conform to the latter two possibilities, i.e., H. delphini
would use the circulatory system (the arterial adventitia or, perhaps most likely, the bloodstream), rather than
direct penetration of the pleura, to reach the lungs.

The transversal distribution of the H. delphini in the lung decreased monotonically from the areas closer to the
bronchi to the peripheral parenchyma associated with lesser bronchioles, even though the intermediate ring of tissue
was the largest of the three transversal subdivisions. While this distribution could be attributed to the well-perfused
nature of the major airways (see above), it could also be an indication of a strategy by the mating worms to maximize
the diffusion of larvae to the environment and minimize the distance to the exit route. It should be emphasized that,
regardless of the release path, i.e., feces, or sputum (see below), the larvae lungworms infecting terrestrial mammals
invariably leave the lung via the bronchial escalator (Anderson, 2000; Cowie, 2013; Georgi et al., 1979).

The fine-scale distribution of H. delphini indicates that worms frequently cluster together; pairs, or even trios,
of individuals of both sexes were found at very low intensities (n < 10 worms). This strongly suggests that these
worms have ability to find, or at least detect, one another even at low population density. In fact, there is solid evi-
dence that chemical signaling through pheromones is common in mate-seeking nematodes (e.g., Choe et al., 2012;
MacKinnon, 1987). Moreover, Erdongan et al. (2021) recently described a “follow the leader” effect in
entomopathogenic nematodes, where conspecifics followed the trail of one another if the lead nematode had first
contacted the host tissue. Accordingly, it may be not surprising that the median number of H. delphini increased in
the clusters at higher overall intensity (assuming no repulsion responses, see, e.g., Bone & Shorey, 1977). However,
pheromone gradients operate at short distances, i.e., centimeters (see, e.g., Bone & Shorey, 1977; Garcia-Rejon
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et al., 1985), thus raising the question of how aggregations of H. delphini can be formed even in apparently sparse
infrapopulations.

The overall sex ratio in H. delphini aggregates was strongly female-biased, more so when the number of
individuals was very small; in fact, solitary worms were much more frequently females; these patterns mirrored
those obtained for the overall infrapopulation. Female-biased sex ratios are commonly observed in parasitic
nematodes and have been accounted for by two phenomena (Poulin, 1997). It may be that females just have a
longer lifespan (for pseudaliids, see Measures, 2001). However, a female-biased sex ratio could also be
adaptive; based on theoretical grounds, it maximizes the mean number of mated females per host when the
mating system is polygamous and the parasite distribution among hosts is aggregated (May & Woolhouse,
1978; Van Goor et al., 2022).

Similar to other pseudaliid species, H. delphini is ovoviviparous and so an interesting question is how the larvae
shed by females reach the exterior environment. In the vast majority of their terrestrial metastrongyloid counter-
parts, larvae climb the bronchial escalator, are coughed up, swallowed, and released with feces (Anderson, 2000). In
agreement with this, there is a report of larvae of Halocercus lagenorhynchi in the feces of bottlenose dolphins,
Tursiops truncatus, although with low prevalence (Fauquier et al., 2009). In contrast, records of Halocercus spp. in the
blowhole of dolphins are frequent (Caldwell et al., 1968; Fauquier et al., 2009; Woodard, 1968), raising the question
over the relative importance of each pathway for the release of lungworm larvae. Cetaceans are peculiar in that their
respiratory system is largely isolated from the digestive system. Their larynx extends through the esophagus into the
nasal passage and is sealed into place by the palatopharyngeal sphincter muscle, which allows food to pass on either
side of the larynx (Bueno Mariani et al., 2020; Reidenberg & Laitman, 1987). It is still possible that lungworm larvae
can reach the gut as in terrestrial metastrongyloids, but this pathway is not expected to be easy to follow. Whether
the pseudaliid larvae preferentially use the blowhole to exit the host is an open question but, to our knowledge, this
mechanism would represent a strategy unique to the Pseudaliidae, and was likely developed as an adaptation to
overcome the unique physiology of cetaceans.

In summary, we believe that this study delivers convincing evidence that the large-scale distribution
of H. delphini is related to the perfusion of the lung, with small-scale aggregations likely resulting from an
active reproductive behavior of the worms. Incidentally, the evidence of migration of H. delphini larvae via the
circulatory system does provide support to the hypothesis of transplacental transmission (Caldwell
et al., 1968; Dailey et al., 1991; Fauquier et al., 2009). The ability of the Pseudaliidae to be transmitted
both horizontally and vertically raises the possibility of direct and indirect life cycles. This has been
demonstrated to limited effect in the terrestrial metastrongyloid species Andersonstrongylus captivensis
(Angiostrongylidae), Filaroides hirthi, and Oslerus osleri (Filaroididae), which all infect their hosts as first-stage
larvae (Anderson, 2000).

Furthermore, the present investigation highlights areas for future research, including the examination of blood
vessels for pseudaliid larvae, and the identification of the exact pathway to the lungs from the digestive system,
which could also shed light on the route taken by larvae during vertical transmission, transplacentally (Fauquier
et al., 2009; Pool, Chandradeva, et al., 2020; Reckendorf et al., 2018). Additional efforts should also be made in
attempting to quantify the relative contributions of each mechanism of transmission, i.e., aerosol, trophic, and
transplacental.
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