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Abstract

A third species in the genus Phymastichus LaSalle (Hymenoptera: Eulophidae), Phymastichus holoholo sp. nov., is
described from specimens endoparasitic on adult Xyleborus beetles in Hawai‘i. Plant and insect host records known
for this species, and aspects of its searching, oviposition, and emergence behavior are discussed and illustrated with
photographs and video. This new species, along with Phymastichus xylebori which is also present in Hawai‘i, has potential
as a biological control agent against Xyleborus beetles where they are problematic. Of special interest is their potential as
natural enemies of X. ferrugineus, X. affinis, and X. perforans, which have recently been implicated in possibly spreading
Rapid ‘Ohi‘a Death in Hawai‘i. Some aspects of their potential use to combat this disease, as well as some important but
as of yet unanswered questions, are discussed. Two observed instances of parasitism by the newly described species of
beetles in the Euwallacea fornicatus species complex, Euwallacea fornicatus (sensu stricto) and Euwallacea perbrevis,
are also reported.
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Introduction

There are currently three known species in the genus Phymastichus LaSalle (Hymenoptera: Eulophidae: Tetra-
stichinae) including the one described here. Phymastichus coffea LaSalle, 1990 is an idiobiont endoparasitoid of
the coffee berry borer Hypothenemus hampei (Ferrari) (Coleoptera: Curculionidae: Scolytinae) from Africa, and
has been imported to much of the coffee growing world as a biocontrol agent with varying, but occasionally high
levels of success (Vega et al. 2015). Phymastichus xylebori LaSalle, 1995 was described from specimens collected
in Hawai‘i, South Carolina, and Costa Rica, the ones in Hawai‘i found emerging from Xyleborus perforans (Wol-
laston) in macadamia trees (Macadamia integrifolia Maiden & Betche) on Hawai‘i island (LaSalle 1995). The pres-
ently described species has so far been found in Hawai‘i on the islands of O‘ahu and Hawai‘i, and like P. xylebori,
also uses Xyleborus beetles as hosts. All three species are thus parasitoids of scolytids. All three species also have
the uncommon behavior among bark beetle parasitoids of parasitizing adult beetles. They are the only members of
Tetrastichinae known to attack the adult stage of their hosts, a character which LaSalle (1995) proposed could po-
tentially represent a synapomorphy that could be used as a diagnostic feature for this genus. All three also have the
morphological character of a swollen parastigma of the forewing, a character found in only one other Tetrastichinae
genus, Paraspalangia Girault, and lack a ventral plaque on the male scape (LaSalle 1995). Insect and plant hosts
for this new species, and aspects of biology and behavior, will be further described in the biology section. All three
have potential as biological control agents. Some of their hosts in their nonnative ranges are pests of agriculture or
forest ecosystems, or vectors of plant disease.
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Methods

Molecular analysis

The two species of Phymastichus found to occur in Hawai‘i are morphologically similar, and share host range and
habitat. To determine whether these species are indeed distinct, DNA was extracted from specimens of the pres-
ently described species emerged from octopus tree (Schefflera actinophylla (Endl.) Harms) in the Kahana Bay area
of O‘ahu (21.5573 N, -157.8783 E) and specimens fitting the description of P. xylebori from Waimanalo, O‘ahu
(21.3342 N, -157.7111 E), using the Qiagen DNeasy Blood and Tissue Kit (Qiagen, Inc., Valencia, Ca, USA). The
CO1 gene was amplified using the primers of Folmer ez al. (1994), and the D2 region of the 28S gene was amplified
using the primers D2-3625 and D3-4283 in Gillespie et al. (2005). The resulting sequences for the newly described
species are published on GenBank accession #MZ357963 and #OM327543—0OM327547, and for P. xylebori on
GenBank accession #MZ348365 and #OM327578.

Species description

Phymastichus spp. were examined and photographed using a Leica MZ16 stereomicroscope. Specimens were also
dissected, examined, and photographed using an Olympus CX31 compound microscope. Terminology relating to
morphological characters follows Gibson et al. (1998).

Biology
Methodology relating to biological and behavioral observations under field and laboratory conditions is described
in detail in the respective sections.

Results

Molecular Analysis

CO1 sequences were obtained from five individuals of the presently described species and one individual of P,
xylebori, and 28S sequences were obtained from one individual of each. Ends of the resulting sequences were
clipped, and there was no variation detected within either of the proposed species. In CO1, out of 615 bp there were
53 substitutional differences between the species, giving a 91.4% similarity. For 28S, out of 536 bp there were 13
substitutional differences, giving a 97.3% similarity between the species. For both genes, and since the 28S gene
is typically conserved, this amount of difference is consistent with the specimens belonging to two distinct species
(Campbell et al. 1993).

Key to known species of Phymastichus (females)

1 Syntergum without strong step-like carina. The cubital and subcubital setal lines of the forewing distinctly separate until ap-
proximately the apex of the trailing edge of the forewing (the longitudinal non-setose region at the very posterior of the fore-
wing extends approximately the entire length of the trailing edge of the wing) (as in Figs 1d; 3a,d). Ovipositor not exposed.
Coxae of all legs dark, of similar colorto body ... ... ... . P. coffea

- Syntergum with strong step-like carina, giving the apex of the gaster a crimped appearance dorsally (Figs 1a,b,e,f; 3 h). Non-se-
tose region at the very posterior of the forewing between the cubital and subcubital setal lines extending between half the length
of the wing to the full length of the trailing edge of the wing. Ovipositor exposed or not exposed in dry specimens. Procoxae of
similar color to body, meso- and metacoxae distinctly lighter in color than body, metacoxae yellow to translucent white (Fig.
L) et 2

2 Scale-like sculpture anterior to carina on the syntergum, and posterior to the carina, cuticle covered with a thick tuft of light-
colored setae that extends to or past the end of the gaster (Fig. le,f). Pedicel yellow to brown, flagellum dark brown. Separation
between the cubital and subcubital setal lines becomes indistinguishable at approximately half the length of the forewing, near
the distal apex of the retinaculum (the longitudinal non-setose region at the very posterior of the forewing extends approxi-
mately half the length of the trailing edge of the wing) (Fig. 1g). Ovipositor usually exposed, and flattened laterally, blade-like
(Fig. 1e, ) ot P. xylebori (Fig. 1e—g)

- Cuticle smooth both anterior and posterior the carina on the syntergum, and with few setae medially (Figs 1a,b; 2a,b; 3h). Pedi-
cel usually dark brown, similar in color to body and flagellum though can be lighter in some individuals. The cubital and sub-
cubital setal lines of the forewing may become closer together at the distal apex of the retinaculum, but are distinctly separate
until near the apex of the trailing edge of the forewing (the longitudinal non-setose region at the very posterior of the forewing
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extends approximately the entire length of the trailing edge of the wing) (Figs 1d; 3a,d). Ovipositor usually retracted in dry or
alcohol preserved specimens, but if visible thin and needle-like (Fig. la—c; 2a) ....... P. holoholo sp. nov. (Figs la—d; 2-3)

Description of Phymastichus holoholo sp. nov.

Diagnosis: Among described genera of Tetrastichinae, Phymastichus holoholo falls within the genus Phymastichus
as redescribed by LaSalle (1995) given the characters of a swollen parastigma on the forewing; male scape lacking a
sensory plaque; scutellum without submedian or sublateral sulci, and anterior pair of setae closer to anterior margin
of scutellum than posterior setae (though only slightly in this species); mesoscutum without median sulcus.

Overall, females of this species can be distinguished within Tetrastichinae by the combination of the enlarged
parastigma and hyaline forewing membrane (Figs 1d; 3a,d); a step-like carina on the syntergum, giving the apex
of its gaster a crimped appearance dorsally, with sparse setae on either side of the carina and lacking a distinct tuft
of setae posterior to the carina (Figs 1a,b; 2a,b; 3h); the subcubital and cubital setal lines of the forewing distinctly
separated until near the apex of the trailing edge of the wing (Figs 1d; 3a,d); coloration and general habitus (Figs 1a;
2). They parasitize the adult stage of some Xyleborus beetles and potentially other Scolytinae as well.

Differential diagnosis: Among the other described species of Phymastichus, P. holoholo females can be distin-
guished from P. coffea by a strong step-like carina on the syntergum (Figs 1b; 3h) (this step-like carina absent in P,
coffea); meso- and metacoxae lighter in color than the dark-brown to black body, metacoxae yellow to translucent
white (Figs 1a; 2a) (all coxae of similar color to the dark-brown to black body in P. coffea).

Phymastichus holoholo females can be distinguished from P. xylebori by the smooth cuticle anterior and pos-
terior to the carina on the syntergum, and few setae medially posterior to the carina (Figs 1a,b; 2a,b; 3h) (scale like
sculpture anterior to the carina on the syntergum, and posterior to the carina, a dense tuft of light colored setae ex-
tending past the end of the gaster in P. xylebori (Fig. 1e,f)); ovipositor thin and needle-like, usually retracted in dry
or alcohol preserved specimens and not visible (Figs 1a—c; 2a) (ovipositor distinctly laterally flattened in P. xylebori,
and usually visible in dry or alcohol preserved specimens (Fig. 1e,f)). Both sexes of P. holoholo can be distinguished
from P. xylebori by the trailing edge of the forewing, where the cubital and subcubital setal lines of the forewing
remain distinctly separate and with no setae between them until approximately the apex of the trailing edge of the
wing (Figs 1d; 3a,d) (the cubital and subcubital lines become difficult to distinguish at approximately half the length
of the forewing, near the distal apex of the retinaculum in P. xylebori (Fig. 1g)).

Female (Figs 1a—d; 2a—c; 3a—c,g,h):

Length: 1.2—-1.5 mm (Holotype 1.3 mm). Size in general correlates with the size of the beetle host. The length
range recorded here is for wasps emerging from the beetles Xyleborus ferrugineus (Fabricius), Xyleborus affinis
Eichhoft, and Xyleborus perforans (Wollaston), the currently confirmed hosts. If this wasp uses hosts other than
these beetles, its size is expected to vary according to the size of the beetle, and may fall outside this range.

Head: Cuticle dark brown and shiny, with lightly reticulate sculpture visible under high magnification. Toruli
located just above level of lower edge of eyes, scape reaching approximately to the level of the anterior ocellus.
Scrobal depression shallow, its lateral edges smoothly rounded. Scrobal depression an inverted heart shape, widest
at the toruli and tapering to a point below the anterior ocellus, a small triangular shaped interscrobal crest protruding
between the toruli and reaching to approximately the level of the top of the toruli. The floor of the scrobal depres-
sion evenly rises to a shallow medial elevation that runs from the apex of the depression to the interscrobal crest.
Frontofacial sutures consisting of two thin white lines, beginning at the outer margin of the two posterior ocelli and
converging at the apex of the scrobal depression. Note that in air dried specimens much of the face from above the
clypeus to the ocelli, including the entire scrobal area, is almost always collapsed and many of these characters are
obscured. Antennae with scape, pedicel, a single anellus, 3 funicular segments, and a 3-segmented clava. Pedicel
and flagellomeres apical of the anelli dark brown, similar in color to body, the scape lighter in color. The anellus
typically appears more yellow than the rest of the antennae, and the pedicel can also be lighter in color than the
flagellum in some individuals. Flagellum setose, and with sensilla including four apically converging terminal sen-
sillar projections on the last segment of the clava that can be seen under high magnification. Setae on the pedicel
and flagellum angled about 30-45 degrees from the apical direction of the antenna, and approximately 1/2 to 2/3
as long as the funicular segments are wide. Scape also setose, though the setae are shorter and thinner than on the
pedicel and flagellum, and with a flattened area ventrally to receive the rest of the antenna when folded. Funicular
segments longer than wide. Ratio of the length of the antennal segments, not including the anellus, approximately
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Scape : Pedicel : F1 : F2: F3 :F4:F5:F6=22:12:1.0:09:1.0:0.8:0.7:0.5. Eyes red to black with sparse,
very small, short setae. Ocelli positioned in the form of an obtuse triangle, posterior ocelli closer to compound eyes
than to each other, cuticle of the ocellar triangle raised relative to the rest of the vertex. Setae short on vertex, longer
and of similar density on the face, shorter and of higher density on occiput. Margins of clypeus not delimited by a
suture, but its upper corners with an anterior tentorial pit on each side. Malar sulcus complete. Mandibles tridentate
and symmetrical, the ventral tooth pointed but not sharply, the middle tooth broadly rounded, the dorsal tooth dif-
ferentiated from the overall curvature of the inner edge of the mandible by a small notch.

FIGURE 1. Comparison of Phymastichus holoholo sp. nov. (left column) and Phymastichus xylebori (right column). a: Phy-
mastichus holoholo sp. nov. Q (ex Xyleborus affinis in Macadamia integrifolia trunk, Kea‘au, Hawai‘i island); b: Phymastichus
holoholo sp. nov. Q (ex Schefflera actinophylla branch, Kahana Bay, O‘ahu), apex of metasoma showing the crimped syntergum
with sparse setae; ¢: Phymastichus holoholo sp. nov. @ (same data as (b)), a specimen with ovipositor exposed and visible; d:
Phymastichus holoholo sp. nov. § (same data as (b)), forewing; e: a specimen fitting the description of Phymastichus xylebori,
Q, (ex Macadamia integrifolia trunk, ‘Ahualoa, Hawai‘i island); f: Phymastichus xylebori @ (ex Macadamia integrifolia trunk,
Waimanalo, O‘ahu), apex of metasoma showing the crimped syntergum with a tuft of dense setae posteriorly and blade-like
ovipositor; g: Phymastichus xylebori @ (same data as (f)), forewing.
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Mesosoma: Cuticle, with the exception of the legs (see below) and tegula which are typically translucent yel-
low, dark brown to black and shiny with light reticulate sculpture visible under high magnification. Pronotum with
a transverse row of posterior pointing setae near the border with the mesoscutum, except near the midline which is
free of setae, the first one or two setae lateral of the midline longer than the others. Additional setae often present
anterior to this row. Mesoscutum lacking a medial sulcus on cuticle surface, and with three adnotaular setae, the
anterior one approximately even with most anterior reach of the axillae, the two posterior setae near the scutellum,
close together, and longer than the anterior seta. Mesoscutum mesal of notauli otherwise free of setae. Mesoscutal
lateral lobe with setae pointing in various directions, of similar density to those on the posterior region of the prono-
tum. Scutellum with two pairs of setae near the lateral margins of the disk, one pair slightly anterior of the middle
and the other pair near the posterior margin, a pit also present between the anterior and posterior setae. Lateral to the
scutellar disk, the scutellum transitions smoothly to the impressed axillula where the cuticle is slightly wrinkled but
lacks the set of distinct carinae present in P. xylebori. Propodeum strongly indented posteriorly to receive the small
petiole, its margin also slightly concave where it comes up against the dorsellum. Median propodeal carina present
but wide and somewhat inconspicuous. Plicae absent, callus with setae posterior and lateral to the spiracle, including
on the convex region where the inclination of the sclerite becomes almost vertical.

Legs: Yellow to translucent yellow below coxae, though in some individuals the femora also have a black tint.
Procoxae dark brown to black, similar in color to the body. Meso- and metacoxae translucent yellow, often lighter in
color than the rest of the leg. Mildly curved tibial spurs on all legs. Tarsi and tibiae setose, femora with some setae
but largely bare. Pro- and mesofemora of similar shape and thickness, metafemur substantially thicker. First through
third tarsal segments subequal in length in all legs, fourth not including the pretarsus slightly longer. Tarsal claws
brown in color, more robust in the mid and hind legs than in the foreleg.

Wings: Forewing: Parastigma slightly to distinctly swollen, as is characteristic for this genus. Cubital and
subcubital setal lines join near the apex of the trailing edge of the wing, though the non-setose region between them
becomes narrower distal to the retinaculum. Postmarginal vein protrudes only slightly if at all from the junction of
the marginal and stigmal veins, and is much shorter than the stigmal vein. Marginal and submarginal veins subequal
in length. Submarginal vein usually with three strong dorsal setae, and other smaller setae on the membrane anterior
to the vein. Marginal vein with many strong setae. Veins somewhat uniformly yellow-brown in color, except for the
stigmal vein which is transparent basal of the stigma. Stigma yellow-brown, and uncus present with four sensilla.
Membrane subhyaline, apical of the small speculum and anterior to the cubital setal line covered approximately
evenly over its surface with short setae. These setae are uniformly produced on the dorsal surface of the wing. On
the ventral side, in the apical region of the wing they are similar in length to those on the dorsal side, but become
strongly reduced in the medial and basal regions, especially closer to the trailing edge.

Hindwing: Membrane hyaline, the density and size of setae on the dorsal surface similar to that of the forewing;
setac on the ventral surface reduced to dark spots. Trailing edge with long marginal setae consistently about 2/5
the maximum width of the hindwing. Veins yellow-brown in color. Three hamuli spaced closely together extend
forward from the venation near its apex.

Gaster: Cuticle shiny dark brown to black, with somewhat reticulate sculpture visible under high magnifica-
tion. Each gastral segment except the last with a transverse line of setae, setae longer and more upright on posterior
segments. Gaster with hypopygium often distinct in dried specimens, extending near to the end of the gaster, cav-
ernous posteriorly. The hypopygium is, however, not clearly distinguished in some individuals, and the shape of the
gaster as a whole can vary. Relative to the rest of the gaster, setae increase in density on the hypopygium around
the margins of the cavity and on the ventral part of the gaster posterior to the hypopygium. Syntergum with distinct
step-like carina, similar to that of P. xylebori, giving the very end of the gaster a crimped appearance. Cerci located
directly posterior to the carina. Anterior to the carina, the cuticle is smooth, without scale-like sculpture as in P,
xylebori, and medially free of setae. Posterior to the carina, the cuticle is also smooth and shiny, the same color as
the rest of the gaster and with at most a few short setac medially, free of long setae other than those emerging from
the cerci. Ovipositor almost always retracted and only rarely projecting in dry or alcohol preserved specimens, but
if visible, straight and needle-like, not especially flattened laterally in cross section as it is in P. xylebori.

Male (Figs 2d—f; 3d—f): Similar in overall shape and coloration to female, but with the following differences:

Size: 0.7-0.8 mm long (Allotype 0.75 mm). Typically much smaller than the females, and always smaller than
a female emerging from the same host beetle.

Head as in female except: Antennae substantially thinner than in the female and with one more flagellar seg-
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ment, consisting of scape, pedicel, a single anellus, and 7 flagellomeres, the last 3 of which form a clava. Ratio of
the length of the antennal segments, not including the anellus, is approximately Scape : Pedicel : F1 : F2 : F3 : F4
:F5:F6:F7=29:18:1.0:1.0:1.1:1.3:1.2:1.1:0.8. Antennae setose and with sensilla, setae longer than
the width of the funicular segments. Last antennal segment ends in a single terminal sensillum. As in the two other
known species of Phymastichus, and unlike all other known members of Tetrastichinae, males lack a ventral sensory
plaque on the scape.

¥ .
FIGURE 2. Phymastichus holoholo sp. nov. adults, holotype (?) and allotype (&£). a: holotype @, side view; b: holotype @,
dorsal view; ¢: holotype 9, head, note that the scrobal area is somewhat collapsed due to drying of specimen; d: allotype &, side
view; e: allotype &, dorsal view; f: allotype &, head. Scale bars: 500pm
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FIGURE 3. Phymastichus holoholo sp. nov. a: forewing Q; b: hindwing @; c: antenna Q; d: forewing J'; e: hindwing J; f:
antenna ; g: head (uncollapsed) @; h: dorsal view Q.

Mesosoma as in female except: Legs with all coxae dark brown at least basally and medially, of similar color
to the body, often lighter apically; femora and tarsi also typically somewhat darker than in the female, though this
varies among individuals. Wings similar in overall structure to female except forewing with parastigma somewhat
swollen but variable and typically not as swollen as in the female; submarginal vein often with only two long setae
in addition to shorter setae.
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Gaster: Overall somewhat oval in shape in dorsal view; setae in a similar pattern though overall less setose than
in females; last tergite free of setae except for those emerging from the cerci.

Repositories

UHIM—University of Hawai‘i Insect Museum, Honolulu, Hawai‘i, USA
BPBM—Bernice Pauahi Bishop Museum, Honolulu, Hawai‘i, USA
NHMUK—The Natural History Museum, London, UK

Holotype: O‘ahu, Kahana Bay (21.5573 N, -157.8783 E, 15 m), 22.vii.2020, 9, ex Xyleborus beetles from
Schefflera actinophylla (deposited in UHIM).

Allotype: O‘ahu, Kahana Bay (21.5573 N, -157.8783 E, 15 m), 22.vii.2020, &, ex Xyleborus beetles from
Schefflera actinophylla (UHIM).

Paratypes: O‘ahu, Kahana Bay (21.5573 N, -157.8783 E, 15 m); 10.ix.2020; 11 @, 2 &'; ex Xyleborus beetles
from Schefflera actinophylla; (6 ¢, 2 & UHIM; 5 @ BPBM) « O‘ahu, Kahana Bay (21.5573 N, -157.8783 E, 15 m);
22.vii.2020; 18 9, 5 &' ex Xyleborus beetles from Schefflera actinophylla; (8 9, 1 & UHIM; 5 9,2 & BPBM; 5 Q,
2 & NHMUK) « O‘ahu, Kahana Bay (21.5604 N, -157.8765 E, 15 m); 31.i.2020; 3 Q, 2 &'; ex Xyleborus ferrugineus
from Mangifera indica; (UHIM) « Hawai‘i island, ‘Ahualoa; 30.x.2019; 1 @, 1 &; ex Xyleborus perforans from
Macadamia integrifolia; (UHIM) * Hawai‘i island, Kea‘au; 1.xi.2019; 4 @, 4 & ex Xyleborus ferrugineus from
Macadamia integrifolia; (2 9,2 & UHIM; 1 2,1 & BPBM; 1 2, 1 § NHMUK) * 2 @, 1 &; same data as previous
except ex Xyleborus affinis from Macadamia integrifolia; (BPBM) » 1 @, 1 &; same data as previous except ex
Xyleborus perforans from Macadamia integrifolia; (NHMUK) ¢ O‘ahu, Manoa valley (21.3293 N, -157.7972 E);
15.ix.2020; 3 @, 4 &'; ex Xyleborus affinis from Cecropia obtusifolia; (1 9,1 3 UHIM; 1 9,2 & BPBM; 1 9,1 &
NHMUK).

Etymology. This wasp strolls along the surface of wood to search for its hosts. The species name is Hawaiian,
meaning “to go out for a walk or to see the sights” and is to be treated as an indeclinable noun in apposition.

Biology

Known host range

Phymastichus holoholo sp. nov. has been reared from Xyleborus ferrugineus, X. perforans, and X. affinis adult
beetles in octopus tree (Schefflera actinophylla) in the Kahana Bay area of O‘ahu; the same three beetle species in
macadamia (Macadamia integrifolia) in the areas of ‘ Ahualoa, Kapa‘au, and Kea‘au on the island of Hawai‘i; from
X. ferrugineus in mango (Mangifera indica L.) branches in the Kahana Bay area of O‘ahu; and from X. affinis in
trumpet tree (Cecropia obtusifolia Bertol.) branches near the upper reaches of Manoa valley on O‘ahu.

Emergence holes on the elytral declivity of the beetle, typical for this genus as observed in LaSalle (1995), Espi-
noza et al. (2009), and the present study, were found on two Hawaiian endemic Xyleborus lanaiensis Perkins beetles
extracted from a fallen ‘ala‘a (Planchonella sandwicensis (A. Gray) Pierre) tree in the Wai‘anae mountains of
O‘ahu (Fig. 41). We expect these beetles were parasitized by P. xylebori or P. holoholo, or perhaps another unknown
Phymastichus species, but cannot know with certainty whether one or both of these species include any members
of the Hawaiian endemic radiation of Xyleborus beetles in their host range. Hundreds of X. lanaiensis individuals
were collected from the same tree and no emergence of parasitoids was observed, suggesting the percent parasitism
of these beetles at this location in this tree was low. Another similar emergence hole was also found on an X. fer-
rugineus beetle in Acacia koa A.Gray on Wa‘ahila Ridge on O‘ahu, though again we do not know by which species
it was parasitized.

We also observed two species of Scolytinae that this wasp may use under some circumstances but does not seem
to prefer, at least in the environments we have observed it so far. An emergence hole typical of Phymastichus was
found on a single Xylosandrus crassiusculus Motschulsky beetle inhabiting the octopus tree branches used in the
calculation of percent parasitism (described later) (Fig. 4j). Since all wasps emerging from beetles within this wood
were P. holoholo we assume the beetle was parasitized by this species,. Though X. crassiusculus is a somewhat com-
mon inhabitant of the octopus tree wood in that area, and we have extracted a good number of individuals from those
trees during this study (in excess of 100), this is the only individual we have seen that was clearly parasitized.

Though Euwallacea fornicatus (sensu lato) beetles are also common inhabitants of the octopus tree wood from
which we found this species emerging, we have not observed any individuals with a parasitoid emergence hole.
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Phymastichus holoholo individuals have also been observed to actively walk over E. fornicatus (sensu lato) beetles
naturally infesting octopus tree wood without showing any sign of interest, while showing substantial interest in and
parasitism of Xyleborus beetles in the same stage of infestation. Despite this, two instances of parasitism have been
observed in dissected E. fornicatus (sensu lato) individuals: one parasitoid larva, confirmed by molecular analysis
to be P. holoholo, and one seemingly developed adult that eclosed but had not yet emerged from the beetle, were
found inside beetles extracted from naturally infested octopus tree wood and identified by DNA sequences as E. per-
brevis (Schedl) and E. fornicatus (Eichhoff), respectively (using the primers of Folmer et al. (1994); the CO1 gene
matched with specimens on GenBank referenced in Smith et al. (2019)). Thus at least some P. holoholo individuals
may under some circumstances take marginal interest in members of this species complex and are able to complete
their development inside them, though such instances seem to be rare.

FIGURE 4. Parasitism of bark beetles by Phymastichus. a: Two Xyleborus ferrugineus beetles in octopus tree from Kahana
Bay, O‘ahu with typical Phymastichus emergence holes. b: Xyleborus ferrugineus beetle in Acacia koa from Wa‘ahila ridge on
O‘ahu with a (presumably) Phymastichus emergence hole. ¢: The same beetle as in (b) partially extracted from wood to show its
position; d: X. ferrugineus from octopus tree near Kahana Bay, O‘ahu, broken open between the pro- and mesothorax to show
Phymastichus pupae developing inside. On the left is the anterior part of the beetle with the male P. holoholo pupa positioned
transversely inside. On the right is the rest of the beetle, the female pupa positioned with its head towards the back of the beetle;
e: The pupae in (d) removed from the beetle, female on the right, male on the left; f,g: Xyleborus ferrugineus from octopus tree
near Kahana Bay, O‘ahu with P. holoholo emergence holes; h: Xyleborus affinis from octopus tree near Kahana Bay, O‘ahu
with a partially emerged Phymastichus holoholo adult female still inside. i: Hawaiian endemic Xyleborus lanaiensis from ‘ala‘a
(Planchonella sandwicensis) with a (presumably) Phymastichus emergence hole; j: Xylosandrus crassiusculus from octopus
tree near Kahana Bay, O‘ahu with a Phymastichus holoholo emergence hole.
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We also report a species of Scolytinae that we infer is likely not used as a host by this species. The coffee berry
borer, Hypothenemus hampei (Ferrari), a very significant pest of coffee in almost all major growing areas outside its
native range, also seems typically to be rejected as a host by both P. holoholo and P. xylebori. Hypothenemus hampei
individuals (n = 24) were glued into holes both artificially drilled and naturally bored by X. affinis beetles in octopus
tree wood, and these logs were placed in an area of Kahana Bay on O‘ahu where substantial parasitism of other bark
beetles by P. holoholo was consistently observed. Upon subsequent rearing and dissection, none were found to have
been parasitized. And though P. holoholo is known through other observations to readily attack its preferred hosts
X. ferrugineus and X. affinis when they are placed together in small containers, laboratory experiments that exposed
H. hampei adult females to P. holoholo and P. xylebori females in a Petri dish, following the methods of Yousuf et
al. (2021) for host specificity testing of P. coffea, did not result in any successful parasitism of H. hampei (n = 10 for
P. holoholo, n =2 for P. xylebori). In another laboratory test, 95 P. holoholo individuals were exposed to H. hampei,
some drilling into coffee berries and others loose on the bottom of the test container. One P. holoholo individual was
observed attempting to parasitize an H. hampei adult, though no progeny emerged from the beetle. Hypothenemus
hampei is substantially smaller than the Xyleborus beetles which are confirmed hosts of P. holoholo and P. xylebori,
and the wasp observed attempting parasitization was an atypically small female. Besides this one instance, no inter-
est in H. hampei was observed.

The insects and plants recorded here as hosts of P. holoholo are not predicted to be a comprehensive list. More
exploration will almost certainly bring records of additional plant species on which this species attacks Xyleborus
beetles, and possibly of additional hosts. We do not know the native range of this wasp, though two of its hosts in
Hawai‘i, X. ferrugineus and X. affinis, are thought to be neotropical in origin, while the native range of X. perforans
is not as clear (Wood 2007).

Lifespan

Of 52 P. holoholo females and males placed in a cubic plexiglass box with sides approximately 30 cm in length
and provided with honey as an energy source, 96% were dead between 48 and 72 hours after emergence, and 100%
were dead between 72 and 96 hours after emergence. Their lifetime thus seems to be about 2 or 3 days under these
conditions. A similar lifespan has been reported for adult P. coffea (Espinoza et al. 2009).

An approximation of the fecundity of P. holoholo

Mated adult P. holoholo females without a chance to have oviposited in any host were dissected and the number
of eggs within their gasters were counted. Given their short lifespan, these wasps presumably would not be able to
produce new eggs during their lifetimes and are likely proovigenic, so that the number of eggs counted likely repre-
sents an accurate estimate of their maximum fecundity. Ten individuals were dissected yielding a mean of 33.5 (SD
=7.0) eggs per individual. Two eggs are typically laid per host beetle (see the section: Development, emergence, and
mating), which implies the mean maximum number of beetles a single female could parasitize is 16.75 (SD = 3.5).

Behavior

Searching and oviposition
Parasitism of Xyleborus beetles by P. holoholo was observed under field conditions periodically over approximately
a one year period. Octopus tree wood bolts approximately 60 cm long and 5 to 8 cm in diameter were cut from living
trees and suspended off conspecifics in an octopus tree forest in Kahana Bay on O‘ahu; after approximately 6 weeks
they had become infested by a variety of wood associated insects including bark beetles. Phymastichus holoholo
wasps were regularly observed searching and parasitizing Xyleborus beetles on these branches. Their behavior in
this environment seems to follow this general pattern:

Phymastichus holoholo females fly near the surface of wood containing potential hosts, generally within about
20 cm in an undulating flight pattern, as if scanning the wood to determine its quality. They may then land on the
surface of the wood, not necessarily in the direct vicinity of a potential host, and commence searching by walking
over the wood surface. This stage of searching seems to be largely visually and tactically mediated, as opposed to
using long range olfactory cues, based on the following observations: the wasps walk in a generally linear pattern
with few abrupt changes in direction except when taking interest in a nearby feature on the surface of the wood or
reaching an obstacle. While they often move in the direction of bark beetle holes that appear to be visible from their
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position (either the hole itself or a beetle frass pile coming out of it), they also seem not to be aware of ostensibly
healthy host tunnels that are spatially close but separated from them by a visual barrier such as moss or a bump on
the bark. They sometimes change direction to move towards visible protrusions in the wood, even when there is no
beetle hole present. While these wasps do not seem to be guided to attractive beetle holes by long range olfactory
cues when walking on the wood, these observations do not preclude the use of short range olfactory cues of a centi-
meter or so in host finding. More than fifty P. holoholo were observed searching on the wood surface. An example
of this searching behavior is shown in Supplementary Video 1.

Upon discovery of a bark beetle hole, P. holoholo females were observed to either 1) take interest in it, visible
to the human observer through slowing or arrestation of walking motion and antennation of the beetle itself or the
entrance to the hole, or 2) show a lack of ostensible reaction by walking over, around, or past the hole without a
clear change in pace. Xyleborus beetles are often observed to sit with the back of their elytra flush with the surface
of the wood, presumably to protect their tunnels. A P. holoholo wasp that takes interest in a beetle in such a position
will briefly antennate its elytra, and if it finds it acceptable quickly move onto the back of the beetle, raise its wings,
insert the ovipositor into the declivity of the beetle between the elytra, and commence oviposition. The position it
holds its wings during oviposition is similar to what has been recorded for P. coffea (Espinoza et al. 2009). P. holo-
holo has also been observed to enter a beetle tunnel to which it has taken interest if the beetle is not near the surface
of the wood. It does this by backing down into the tunnel, digging its way through any frass or dust with its legs as
it does so. This behavior of entering the host plant to find the beetle is in contrast with what is known for P. coffea,
which is thought to only attack beetles exposed on the outside of the plant material while boring into coffee fruits
(Jaramillo et al. 2005).

Once oviposition commences, the beetle becomes agitated. It rotates itself in its tunnel and moves in and out,
as if trying to shake off the ovipositing wasp. If the beetle was inside the tunnel when the wasp found it, the two are
often observed coming back to the surface of the wood during this process as the beetle seems to attempt to clear the
wasp out of the hole. This agitation does not often seem to much improve the beetle’s chances, as the wasp remains
safely perched on the back end of the beetle, the beetle unable to abrade it against anything. In this effort, one beetle
was observed falling onto the ground with the wasp attached to it, but in all other observations the beetle remained
in its tunnel. This movement has also been observed to attract the attention of spiders and ants in the vicinity, though
whether they might disturb the wasps is unknown.

Once oviposition has presumably concluded, the wasp removes its ovipositor and walks off the beetle. Search-
ing by walking over the surface of the wood then often resumes, or the wasp flies off. Oviposition seems to last
typically 2 or 3 minutes, though longer times up to 20 minutes have been observed. Oviposition times less than 30
seconds have also been observed, though it is unclear if these were successful ovipositions or aborted attempts. Full
oviposition events were observed and described in detail 10 times, and numerous additional such interactions were
also seen to occur. We know that P. holoholo will somewhat readily parasitize its hosts outside of wood tunnels in
laboratory containers, but oviposition attempts on free-living beetles have not been observed in nature. See Supple-
mentary Videos 2 and 3 for host acceptance and oviposition events. Male P. holoholo have not been observed on
these bolts of wood.

Individual wasp females encountering each other on the surface of the wood seemed to show little interest in
each other. Phymastichus holoholo individuals were also observed to come across other actively ovipositing P. so-
loholo while searching on wood. In most observed instances, they would briefly antennate the area and then move
on to continue searching apparently without affecting the other wasp’s behavior, though on a few occasions the
ovipositing wasp appeared disrupted and flew away.

Phymastichus holoholo seems potentially to be able to distinguish parasitized from unparasitized beetles. We
have not confirmed this, but P. hioloholo has been observed to walk directly over apparently alive and healthy host
beetles without showing any sign of interest, and then go on to parasitize others of the same species. Ability to
recognize hosts previously oviposited in by a conspecific and a preference for unparasitized hosts has also been
observed for P. coffea (Castillo et al. 2004). Additionally, some frass piles from active beetle tunnels arrested the
wasps while others were largely ignored, suggesting that P. holoholo might be able to distinguish host species using
cues from the fresh frass around their tunnels.
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Development, emergence, and mating

After hatching from their eggs, larval P. holoholo cleanly consume the insides of their host. Pupation was observed
to typically occur with a larger female occupying the posterior of the beetle, its head facing the posterior end and
its body extending to approximately the junction between the pro- and mesothorax, and a smaller male curled up
facing transversely inside the prothorax (Fig. 4 d,e). Similar location of pupae inside their host has been observed
for P. coffea (Espinoza et al. 2009).

Emergence behavior was observed by collecting paralyzed (and thus potentially parasitized) X. ferrugineus and
X. affinis beetles from octopus tree branches, gluing them close together in a Petri dish, and placing a video camera
above to record emergence events.

Like P. coffea and P. xylebori, P. holoholo emerges from its host beetle by chewing a round exit hole in the
middle of the elytral declivity (Fig. 4 a,f,g,h). This process was observed to take between 61 and 256 minutes with a
mean of 140 minutes (n = 7). After chewing a hole just large enough to emerge through, the female crawls out of the
beetle and remains close to it. There is typically one male and one female wasp in each host, and the female emerges
first, though sometimes only a single female would emerge. Out of 15 emergence events observed, 11 had one male
and one female, and 4 had only a single female. A single male was never observed emerging without a female.
Some time later, between 17 and 990 seconds with a mean of 330 seconds (n = 4), the smaller male crawled out of
the hole and walked away from its host and the previously emerged female, as if exploring the area. This behavior
is presumably to find a mate that is not its sister. In our setup, however, the only option was its sister, and after 8 to
246 seconds with a mean of 70 seconds (n = 4), the male returned to its emergence location, where the sister was
still waiting. The pair did a courtship routine followed by mating. After this, both the male and female flew off. If
no male emerged, the female was observed to wait 36 to 45 minutes with a mean of 41 minutes (n = 3) next to its
emergence site before flying off. This mating behavior contrasts with that of P. coffea, which is thought to have
sibling mating inside its host prior to emergence (Espinoza et al. 2009). It is also not common among parasitoids
that the female waits for the male to emerge for mating, but maybe understandable for this species given its short
lifespan and the consequent necessity to mate quickly to oviposit in a new host. See Supplementary Video 4 for an
example of emergence and mating.

Percent parasitism in octopus tree wood in Kahana Bay, O‘ahu

Six octopus tree wood bolts 5 to 8 cm in diameter and 60 cm long were cut fresh and suspended from a metal hanger
approximately 2 m off the ground in an octopus tree forest in Kahana Bay, O‘ahu (21.5573 N, -157.8783 E, 15 m).
After 6 weeks, on 22 July 2020, the wood was taken down and dissected completely. Every beetle tunnel was fol-
lowed to its end, first by peeling the bark and thoroughly searching it, and then by splitting the xylem apart with a
hammer, chisels, and pliers. All Xyleborus adult beetles were removed and placed in screened boxes for parasitoid
emergence. After 5 weeks, beetles with wasp emergence holes were counted and emerged wasps were collected.
Emergence conditions were likely less than ideal, so all remaining beetles were dissected to find Phymastichus im-
matures or adults inside that had not fully developed or emerged. All Phymastichus emerging from these bolts were
P, holoholo, so immatures inside the beetles were assumed to also be P. holoholo.

From past observations cutting and suspending similar octopus tree logs from trees in the same area, bark
beetles typically begin to enter the wood approximately 4 weeks after it is cut: a second generation of adults could
thus not have been produced in the 6 weeks the wood was exposed to the environment before it was dissected. The
calculated percent parasitism of beetles collected from the wood can thus be considered an accurate measure of the
percent of beetles colonizing the wood that were parasitized by P. holoholo.

In total, 53 of 86 (62%) X. ferrugineus adult beetles collected from the wood were parasitized. 124 of 152 (82%)
X. affinis adult beetles were parasitized. A single X. perforans beetle was present and it was parasitized. Thus the
total percent parasitism for all Xyleborus beetles was 74%.

Discussion
Phymastichus holoholo, and potentially also P. xylebori, may have potential to control populations of the species

they parasitize. A percent parasitism in octopus tree branches for P. holoholo was calculated to be 62% on X. fer-
rugineus adults and 82% on X. affinis adults. Though this was only formally calculated one time, observations have
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often shown large numbers of wasps emerging from octopus tree wood and large numbers of dead beetles in the
wood with the characteristic exit hole, suggesting that the proportion parasitized is often high.

Some of the Xyleborus beetles utilized as hosts by P. holoholo and P. xylebori may contribute to the spread
of Rapid ‘Ohi‘a Death, a very serious disease killing Hawaiian endemic ‘6hi‘a lehua (Metrosideros polymorpha
Gaudich.) trees on Hawai‘i Island, and recently found also on Kaua‘i, Maui, and O‘ahu (Keith ez al. 2015). Roy et
al. (2018) and Roy et al. (2020) found Xyleborus ferrugineus, X. affinis, X. perforans, X. simillimus Perkins, and
Xyleborinus saxesenii (Ratzeburg) to inhabit ‘chi‘a trees and to excavate frass containing viable fungal spores, and
though the mechanisms of spread of this disease in forests are not yet fully determined, bark beetles and their frass
are suggested as a likely important factor. Phymastichus holoholo uses at least three of these Xyleborus beetles that
infest ‘Ohi‘a lehua as hosts, and along with P. xylebori may have the potential to be used as a biological control
agent for augmentative release in forests where this disease is spreading or may spread in the future. To explore the
potential for this idea, we need to address some as of yet unanswered questions and possible concerns.

1. We do not know yet if these Phymastichus species will seek and attack their hosts in ‘Ghi‘a trees.

2. We do not yet know the full host range of P. holoholo and P. xylebori. There are 21 species of endemic Xy-
leborus beetles described from Hawai‘i (Nishida 2002), and it is important to note the discovery of two na-
tive Xyleborus lanaiensis individuals with the characteristic exit hole typical of Phymastichus in an ‘ala‘a
(Planchonella sandwicensis) tree on O‘ahu. Since we do not know of any other species that would produce such
an exit hole, it seems reasonable to suggest that it was parasitized by one of these Phymastichus species. We do
not, however, know the difference in host range between P. holoholo and P. xylebori at this time, and thus we
do not know if neither, only one, or both of these species parasitizes native Hawaiian species. The importance
of slowing or stopping this disease for the health of Hawaiian forests, especially given that these wasps already
occur in Hawai‘i, may somewhat mediate this concern.

3. Even if it is true that these beetles are an important component in the spread of this disease through the exca-
vation of spores into the environment in their frass, and greater populations of beetles in infected ‘Ohi‘a trees
would presumably result in more propagules being excavated, it is not immediately clear that mortality induced
by a biological control agent will reduce the total amount of frass produced or the prevalence of the disease.
Bark beetles are not currently known as direct vectors of Rapid ‘Ohi‘a Death, but such considerations are better
understood for vectors as opposed to indirect spreaders, and some of the dynamics may be related. Potential
factors include the density-dependence of a vector on disease transmission (Okamoto and Amarasekare 2012);
the relationship between the amount of time a vector actively inhabits the plant material and its ability to trans-
mit the disease (Perring et al. 1999); and the ability of vectors to fly into an area of concern from outside of a
treated region (Peters 1987; Sharaf and Allawi 1980; Bacon et al. 1976). For examples of reduction of vector
populations resulting in reduction of disease, see a discussion of the substantial reduction in huanglongbing
disease in orange trees on Reunion Island after introduction of a parasitoid that attacks the psyllids that vector
the disease (Aubert et al. 1996), the substantial decrease in pine wilt disease in China through biological control
of the cerambycid Monochamus alternatus Hope that vectors the disease (Yang et al. 2014), and a discussion of
intensive programs of dead wood removal and debarking which reduced the prevalence of Dutch elm disease
by decreasing populations of its bark beetle vectors (Scheffer et al. 2008).

Though these and likely other considerations are unanswered at this time, P. holoholo and P. xylebori may be
worth exploring as an option to reduce the transmission of Rapid ‘Ohi‘a Death, especially as of this writing, when
there are few other known options and forests that are environmentally and culturally very important are rapidly
being altered through sudden tree deaths.

Though we have not observed any adults with an exit hole, we have observed two instances of parasitism of
beetles in the Euwallacea fornicatus species complex by P. holoholo, albeit neither with successful emergence of
the parasitoids from the host. One P. holoholo adult that eclosed but did not emerge from the beetle was found inside
a dead E. fornicatus (sensu stricto) individual, and one larva was dissected out of an E. perbrevis individual. Both
beetles were inhabitants of naturally infested octopus tree branches. Other observations of P. holoholo on octopus
tree branches inhabited by these beetles suggest that this wasp does not seem to be especially attracted to E. forni-
catus (sensu lato), at least in that specific environment. There may be, however, marginal interest, and it is of note
that a fully eclosed and healthy looking adult female was found inside a beetle, which implies that P. holoholo is
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physiologically able to fully develop inside at least E. fornicatus (sensu stricto). Similar fully eclosed and healthy
looking P. holoholo adults that did not emerge from their host were observed occasionally during the dissection of
Xyleborus beetles that P. holoholo less equivocally uses as a host, and thus the discovery of an adult wasp inside
an E. fornicatus (sensu stricto) that did not chew an exit hole in the beetle does not imply its inability to do so. It is
possible that these instances of parasitism were the result of mistaken identity by the wasps, with Xyleborus beetles
also present in the wood and the resultant possibility of frass or other substances containing host cues from one of
its preferred hosts falling onto a non-host beetle.

Euwallacea fornicatus (sensu lato) has recently been found to actually be a complex of somewhat cryptic spe-
cies, some of which can in some places and situations be very serious pests of agriculture and forests (Stouthamer
et al. 2017; Boland 2016; Garcia-Avila et al. 2016; Eskalen et al. 2013; Eskalen et al. 2012; Mendel et al. 2012).
Though the observations reported here are not especially promising in terms of biological control potential of P,
holoholo on these beetles, they represent one of the few confirmed instances of parasitism of any member of the E.
fornicatus species complex; the other known parasitoids were discovered during exploration in Taiwan by Husein
(2019) and Husein et al. (2018). Further studies could explore the attack rate on other plant hosts or in other environ-
ments, and if indeed this wasp does have marginal interest, it could potentially be conditioned or bred to encourage
its interest in these species.

Phymastichus holoholo has been observed to parasitize X. ferrugineus and X. affinis beetles in small containers
in a laboratory environment, and to do so especially readily when the beetles are sprinkled with their frass and given
a rough substrate on which to walk and to right themselves if they flip over, presenting their elytra for parasitism.
Observations that show a lack of aggressive behavior that would obstruct oviposition of conspecifics, combined
with observations that this wasp may avoid superparasitism, suggest that there is little active competition between
these wasps and their behavior may be little affected by their density in a potential rearing environment. Though
mass rearing of this species has not yet been attempted, it seems as though such efforts could potentially be success-
ful.
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SUPPLEMENTARY MATERIAL

Video 1: Searching behavior of Phymastichus holoholo sp. nov.
https://vimeo.com/599806458

Video 2: Host acceptance and oviposition behavior of Phymastichus holoholo sp. nov.
https://vimeo.com/599818826

Video 3: Host acceptance and oviposition behavior of Phymastichus holoholo sp. nov.
https://vimeo.com/599823504

Video 4: Emergence and mating behavior of Phymastichus holoholo sp. nov.
https://vimeo.com/599835585
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