J_ID: ENVE Customer A_ID: NVV128 Copyedited by: AC  Manuscript Category: Research Cadmus

NOT FOR

PUBLIC RELEA¢

Journal: Environmental Entomology
Article Doi: 10.1093/ee/nvv128 OXFORD
Article Title: A Multiple Decrement Life Table Reveals That =~ UNIVERSITY PRESS

Host Plant Resistance and Parasitism Are Major
Causes of Mortality for the Wheat Stem Sawfly

First Author: Micaela Buteler
Corr. Author: Micaela Buteler

INSTRUCTIONS

We encourage you to use Adobe’s editing tools (please see the next page for instructions). If this is not possible, reply to this
message and send a list of corrections, indicating each change in the following manner: line number, current text, change to
be made.

Changes should be corrections of typographical errors only. Changes that contradict journal style will not be made.

These proofs are for checking purposes only. They should not be considered as final publication format. The proof must not
be used for any other purpose. In particular we request that you do not post them on your personal/institutional web site,
and do not print and distribute multiple copies. Neither excerpts nor all of the article should be included in other publications
written or edited by yourself until the final version has been published and the full citation details are available. You will be
sent these when the article is published, along with an author PDF of the final article.

1. License to Publish: If you have not already done so, please visit the link in your Welcome email and complete your
License to Publish online.

2. Permissions: Permission to reproduce any third party material in your paper should have been obtained prior
to acceptance. If your paper contains figures or text that require permission to reproduce, please email
envent@oup.com as soon as possible.

3. Author groups: Please check that all names have been spelled correctly and appear in the correct order. Please also
check that all initials are present. Please check that the author surnames (family name) have been correctly identified
by pink letters. If this is incorrect, please identify the full surname of the relevant authors. Occasionally, the distinction
between surnames and forenames can be ambiguous, and this is to ensure that the authors’ full surnames and
forenames are tagged correctly, for accurate indexing online.

4. Figures: Figures have been placed as close as possible to their first citation. Please check that they have no missing
sections and that the correct figure legend is present.

5. Missing elements: Please check that the text is complete and that all figures, tables and their legends are included.

6. Special characters: Please check that special characters, equations, dosages and units, if applicable, have been
reproduced accurately.

7. URL: Please check that all web addresses cited in the text, footnotes and reference list are up-to-date, and please
provide a ‘last accessed’ date for each URL.

8. Funding: Please detail any funding received in the Acknowledgments paragraph. Please ensure that you use the full
official name of the funding body, and if your paper has received funding from any institution, such as NIH, please
inform us of the grant number to go into the Acknowledgments paragraph. We use the institution names to tag NIH
funded articles so they are deposited at PMC. If we already have this information, we will have tagged it and it will
appear as colored text in the Acknowledgments paragraph. Please check the information is correct.



HP
Tachado


MAKING CORRECTIONS TO YOUR PROOF

These instructions show you how to mark changes or add notes to the document using the Adobe Acroba

NOT FOR

version 7 (or onwards) or Adobe Reader X (or onwards). To check what version you are using go to Help then About.
The latest version of Adobe Reader is available for free from get.adobe.com/reader.

Displaying the toolbars

Adobe Professional X, Xl and Reader X, XI
Select Comment, Annotations and Drawing Markups.

If this option is not available, please let me know so that | can enabile it for you.

Tools Comment Extended

¥ Annotations v Drawing Markups

B &L W & |[[BB—=00
T. &% = I B OO

Acrobat Professional 7, 8 and 9

Select Tools, Commenting, Show Commenting Toolbar.

2 Stamp Tool ~ [~ @‘5*|

Note Tool EE Text Edits ~

~-E;Sl'mwv

Using Text Edits

This is the quickest, simplest and easiest
method both to make corrections, and for your
corrections to be transferred and checked.

Ta

!

‘ Mutenm1|=_F Te;dEdrts}w P StampTool = - 42~ Show -

M= ‘@

"1: Replace Sele cted Text

T Highlight Selected Text

1" Add Note To Selected Text
'I;\ Insert Text At Cursor

T Underline Selected Text

“ Cross Qut Text for Deletion

f

= How To..Indicate Text Edits

1. Click Text Edits

2. Select the text to be annotated or place your cursor
at the insertion point.

3. Click the Text Edits drop down arrow and select the
required action.

You can also right click on selected text for a range
of commenting options.

SAVING COMMENTS

Pop up Notes

With Text Edits and other markup, it is possible to add
notes. In some cases (e.g. inserting or replacing text), a
pop-up note is displayed automatically.

Inserted Text 07
smithma

g ster ' Ir
niltefosi CEl

To display the pop-up note for other markup, right click
on the annotation on the document and selecting Open
Pop-Up Note.

To move a note, click and
drag on the title area.

Inserted Text 07/
smithma

i -bound [1]

To resize of the note, click and drag on the

bottom right corner.

To close the note, click on the cross in the top
right hand corner.

To delete an edit, right click on it and select Delete. The
edit and associated note will be removed.

In order to save your comments and notes, you need to save the file (File, Save) when you close the document.
A full list of the comments and edits you have made can be viewed by clicking on the Comments tab in the bottom-left-

hand corner of the PDF.

PUBLIC RELEASE



J_ID: ENVE Customer A_ID: NVV128 Copyedited by: AC  Manuscript Category: Research Cadmus

NOT FOR

PUBLIC RELEAS

Author Query Form

Journal: Environmental Entomology
Article Doi:  10.1093/ee/nvv128
Article Title: A Multiple Decrement Life Table Reveals That Host Plant Resistance
and Parasitism Are Major Causes of Mortality for the Wheat Stem
Sawily {FmmenesterarCephidas)
First Author: Micaela Buteler
Corr. Author: Micaela Buteler

AUTHOR QUERIES - TO BE ANSWERED BY THE CORRESPONDING AUTHOR

The following queries have arisen during the typesetting of your manuscript. Please click on each query number
and respond by indicating the change required within the text of the article. If no change is needed please add a
note saying “No change.”

AQ1: Per ESA, either Genus species or ESA-accepted common name can be there in the title
but not both. Please confirm the changes in the article title and amend if necessary.

AQ2: Please check that all names have been spelled correctly and appear in the correct
order. Please also check that all initials are present. Please check that the author
surnames (family name) have been correctly identified by a pink background. If this is
incorrect, please identify the full surname of the relevant authors. Occasionally, the
distinction between surnames and forenames can be ambiguous, and this is to ensure
that the authors’ full surnames and forenames are tagged correctly, for accurate
indexing online. Please also check all author affiliations.

AQ3: This article has been lightly edited for grammar, style, and usage throughout the main
text as well as the figure legends and table captions, table bodies, and footnotes, as
appropriate. Please limit your corrections to substantive changes that affect meaning.
If no change is required in response to a query, please write “OK as set” in the margin.
Excellent job following ESA style; your efforts are much appreciated. Thank you.

AQ4: Per ESA style, insect common names are not abbreviated. Accordingly, “WSS” has been
spelled out in the text. Please confirm.

AQ5: Please check that the text is complete and that all figures, tables and their legends are
included.

AQe6: Please check that special characters, equations, dosages and units, if applicable, have
been reproduced accurately.

AQ7: Please check that all web addresses cited in the text, footnotes and reference list are
up-to-date, and please provide a ‘last accessed’ date for each URL.

AQ8: Please add indicators, i.e, °(degree), ' (prime), ” (double prime), in the sentence for “48
05 083 N” and similar other expressions in the sentence.

AQ9: Please check if the change from “WWS” to “Wheat Stem Sawfly” in the original
heading “Presence of WWS in Wheat Stems” is correct and amend if necessary

AQ10: Figures have been placed as close as possible to their first citation. Please check that
they have no missing sections and that the correct figure legend is present.

AQ11: Please detail any funding received in the Acknowledgments paragraph. Please ensure
that you use the full official name of the funding body, and if your paper has received
funding from any institution, such as NIH, please inform us of the grant number to go


HP
Tachado


J_ID: ENVE Customer A_ID: NVV128 Copyedited by: AC  Manuscript Category: Research Cadmus

NOT FOR

PUBLIC RELEA¢

into the Acknowledgments paragraph. We use the institution names to tag NIH funded
articles so they are deposited at PMC. If we already have this information, we will have
tagged it and it will appear as colored text in the Acknowledgments paragraph. Please
check the information is correct.

AQ12: Please note that the reference Holmes 1979 is not cited in the text. Please cite it in text
or delete from the reference list.

AQ13: Please note that the year of publication 2005 for reference Nansen et al. 2005 is the
same for two references. So 2005 has been changed to 2005a and 2005b. Please check
the in-text citations for both these references and correct if necessary.



XXV International

Orlando, Florida, USA
September 25-30

in the his

ESA and with an anticipated

of over 6,000 delegates, ICE
ovide a dynamic forum for the
ange of the latest science,
research and innovations

Two N%‘,o?s‘ peak among entomologists
Laurea“:;oﬂan Iy and others from around
Jice2 N

Nobel-Laureates e world.

- |
ICE 2016 takes place’in sunny,

th 'angSt fun, and easily-accessible
gathering Orlando, Florida, USA

Congress of Entomology

PUBLIC RELEASE

S omit a Papey -

Or Poste, Today; -
. 1F Deadiing, TN
b ebruary 201 6 A3

o o A

PRESENT YOUR RESEARCH

to the largest gathering of scientists and experts
tory of the entomological sciences

Under the theme, “Entomology without Borders”,

research shared will cover every aspect of the

discipline. Prepare now to participate in this @
once-in-a-lifetime event!

= Make important connections with entomologists
and scientists on all levels from around the
world

H Present to this global audience and compete in
global competitions

H Participate in forums and discussions covering
every aspect of the discipline

= Build global networks and collaborative research
with others in your field of interest

& Showcase your products and services to an
important global audience

©0000000000000000000000000000000000

Contact Cindy Myers for information on exhibits,
sponsorships, and advertising cmyers@entsoc.org
+1-301-731-4535 x3001.

0000000000000 0000000000000000000000

inthe View symposia at .ice20160rlando.org/symposia

history of the
discipline.

N\

ESA_ICE_1page_LetterSizeBLEED_062215_1.indd 2

6orlando.org

6/23/15 10:51 AM




J_ID: ENVE Customer A_ID: NVV128 Copyedited by: AC  Manuscript Category: Research Cadmus

NOT FOR

PUBLIC RELEAS

PEST MANAGEMENT

A Multiple Decrement Life Table Reveals That Host Plant
Resistance and Parasitism Are Major Causes of Mortality for the

TQ’ Wheat Stem Sawfly (—H-)qnenopteparCe-ph;dae)

MICAELA BUTELER,' ROBERT K. D. PETERSON, MEGAN L. HOFLAND, axp DAVID K. WEAVER

Department of Land Resources and Environmental Sciences, Montana State University, Bozeman, 334 Leon Johnson Hall, MT 59717.

10 Environ. Entomol. 1-10 (2015); DOI: 10.1093/ee/nvv128
ABSTRACT This study investigated the dynamics of parasitism, host plant resistance, pathogens, and
predation on the demography of wheat stem sawfly, Cephus cinctus Norton (Hymenoptera: Cephidae),
developing in susceptible (hollow stem) and resistant (solid stem) wheat hosts. This study is also the first
to investigate the prevalence and impact of cannibalism on wheat stem sawfly mortality. Wheat stem saw-
flies were sampled in two commercial wheat fields over 4 yr from the egg stage through adult emergence,
and multiple decrement life tables were constructed and analyzed. Cannibalism, host plant resistance, or
unknown factors were the most prevalent factors causing egg mortality. Summer mortality of predia-
pause larvae ranged from 28 to 84%, mainly due to parasitism by Bracon cephi (Gahan) and Bracon lis-
sogaster Muesebeck, cannibalism, and host plant resistance. Winter mortality ranged from 6 to 54% of
20 the overwintering larvae, mainly due to unknown factors or pathogens. Cannibalism is a major cause of ir-
replaceable mortality because it is absolute, with only a single survivor in every multiple infested stem.
Subsequent to obligate cannibalism, mortality of feeding larvae due to host plant resistance was lower in
hollow stem wheat than in solid stem wheat. Mortality from host plant resistance was largely irreplace-
able. Irreplaceable mortality due to parasitoids was greater in hollow stem wheat than in solid stem
25 wheat. Host plant resistance due to stem solidness and parasitism in hollow stems cause substantial mor-

A2

tality in populations of actively feeding larvae responsible for all crop losses. Therefore, enhancing these

mortality factors is vital to effective integrated pest management of wheat stem sawfly.

=]

KEY WORDS multiple decrement life table, mortality risk, mortality dynamics, parasitoid, wheat

30 stem sawfly
The wheat stem sawfly, Cephus cinctus Norton (Hyme-  eggs during their brief life span. The eggs take ~5-8d
noptera: Cephidae), is a stem-mining insect whose uni-  to hatch and the larvae develop within the wheat stems 55
voltine life cycle is synchronized with the physiological ~ feeding on parenchyma and vascular tissues (Ainslie
development of its host plants (Morrill and Kushnak — 1929). As the host plant starts to senesce, the larva
AQ5P5 1996). It is a major pest of wheat, Triticum aestivum — moves down the stem, cuts a notch around the stem in-
L., in the northern Great Plains of the United States terior, and creates a hibernaculum where it overwinters
and southern parts of the Canadian Prairie Provinces, in obligate diapause (Holmes 1975). Pupal develop- 60
with combined annual losses estimated at US$350 mil-  ment starts the following spring and adults emerge
lion (Beres et al. 2011a).There are currently no effec-  from the stubble ~1-2 wk afterward (Church 1955,
40 tive insecticides available to manage this insect. In  Holmes 1975). Crop damage is caused by larval feeding
addition, resistant wheat cultivars are only partially ef-  and cutting of the stem, which leads to stem lodging.
fective and the efficacy of other pest management prac- Several females may lay eggs in the same stem 65
tices like cultural controls is marginal. Therefore, (Buteler et al. 2009), although only one larva will sur-
understanding the biology and population dynamics of ~ vive because of cannibalism within the stem (Wallace
45 this pest is crucial to devise new integrated pest man-  and McNeal 1966). Thus, cannibalism can have impor-
agement tools to manage it (Beres et al. 2011b). tant implications for the population dynamics of this in-
Peterson et al. (2011) described the biology of the sect. However, it has never been studied directly, in 70
wheat stem sawfly developing in wheat in detail. part, because development of eggs and larvae of the
Briefly, adults emerge from stubble after metamorpho- ~ wheat stem sawfly occur while protected within the
50 sis of larvae that overwinter in diapause inside the cut  plant stems. These insects are most likely to cannibalize
stems. Adults do not feed and their average life span is  smaller conspecifics or those that are defenseless such
7d, although this is greatly influenced by climatic con-  as eggs (Wallace and McNeal 1966). Similarly, conspe- 75

ditions (Criddle 1923). Females may lay as many as 50

E Corresponding author, e-mail: micaela.buteler@montana.edu.

cifics that are infected with pathogens, parasitized, or
injured are also more vulnerable (Polis 1984). In
concealed herbivores such as the wheat stem sawfly,
cannibalism is a density-dependent factor and could

© The Authors 2015. Published by Oxford University Press on behalf of Entomological Society of America.
All rights reserved. For Permissions, please email: journals.permissions@oup.com
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2 ENVIRONMENTAL ENTOMOLOGY

reduce population size, thereby minimizing competi-
tion for limited resources and improving the fitness of
the cannibal (Richardson et al. 2010).

Wheat stem sawilies are susceptible to two conge-
neric parasitoids in Montana, the larval idiobionts Bra-
con cephi (Gahan) and Bracon lissogaster Muesebeck
(Hymenoptera: Braconidae) (Morrill 1998, Runyon
et al. 2002, Weaver et al. 2005). These ectoparasitoids
attack wheat stem sawfly late-instar larvae by inserting
their ovipositor through the stem wall and paralyzing
them (Muesebeck 1953). Parasitism by B. cephi and
B. lissogaster can reach up to 98% (Morrill 1998), but
varies greatly between fields owing to environmental
conditions, date of crop harvest, and wheat stem sawfly
abundance (Holmes et al. 1963). Other natural enemies
occur sporadically and seem to be restricted to small
areas in wheat fields, although intensive studies have
yet to be conducted to characterize their effect on
wheat stem sawfly populations. These include filamen-
tous fungi Fusarium spp. that infect the wheat stem
sawfly inside wheat stems as facultative entomopatho-
gens (Wenda-Piesik et al. 2009) and a predatory clerid
beetle, Phyllobaenus dubius (Wolcott) (Morrill et al.
2001).

Demographic analytical techniques to estimate mor-
tality within multiple decrement life tables were used
for the first time for wheat stem sawfly by Peterson
et al. (2011). These techniques, which permit
estimating the risks of insect death in the presence or
absence of multiple causes, are important tools for
population and applied ecology (Carey 1989, 1993).
The multiple decrement life table and its associated
demographic techniques emerged from reliability and
competing risk theory in operations research (Carey
1993).

Peterson et al. (2011) conducted a life table study of
prediapause wheat stem sawfly larvae in hollow stem
wheat, the injurious stage causing plant injury during
the summer growing season while protected within the
stem. These authors showed that parasitism is an
important, irreplaceable contributor to mortality when
the larva is protected in the developing stem, and
that it has the potential to be quite effective in reduc-
ing populations of the injurious stage of wheat stem
sawily.

The present study compared mortality rates and
mortality factors between individuals developing in sus-
ceptible hollow and resistant solid stem spring wheat to
investigate the interaction of host plant resistance and
parasitism and how it translates into total mortality.
This study is also the first to investigate the prevalence
and impact of cannibalism on wheat stem sawfly mor-
tality. As a result, we have created the most complete
partial life tables for wheat stem sawfly (ie., from
the egg stage in the spring until adult emergence the
following spring). Thus, this study adds to the
understanding of population dynamics of wheat stem
sawily because it now includes the egg stage and
also  quantifies mortality factors occurring in
overwintering larvae (in diapause) and through meta-
morphosis to adult emergence in different types of
wheat hosts.

Materials and Methods

Study Site and Biomaterial Used. Wheat stems
and larvae were sampled from designated plot areas
maintained within commercial wheat fields at two loca-
tions between 2008 and 2011. One field was located
between Pendroy and Conrad in Pondera County in
north-central Montana (48-05-083N;112 04 006W;
Conrad location). The other field was north of Havre in
Hill County, MO, (48 49951N. 110 05 730W. Havre
location).

Both locations have a history of large wheat stem
sawfly infestations with varying degrees of parasitism.
Both locations were conventional rain-fed monocul-
tures of hollow-stem (‘Reeder’) and solid-stem
(‘Choteau’) spring wheat in which the growers prac-
ticed alternate year herbicide fallowing of cropland to
minimize erosion and replenish soil moisture. These
two cultivars were well suited for the experiment
because they are both attractive to wheat stem sawfly
females (Lanning et al. 2014).

At each location, two 24- by 30-m plots for each
type of wheat were established within a strip of crop
that was ~200 by 1,000m. Plant samples containing
wheat stem sawfly larvae were collected weekly from
the time ovipositing females were first observed in the
field through harvest. To accomplish this, two 3- by 30-
m sampling areas were established weekly along the
length of each plot. Two samples were collected in an
area near the field margin and two more samples were
collected from an area at least 15 m into the field. Sam-
ples were 10 random plants and each plant had two to
five stems. Postharvest sampling was first conducted in
September and subsequently in February, April, and
July the following calendar year to collect overwintering
wheat stem sawfly larvae through metamorphosis to
adult emergence. To accomplish this, two samples of
25 larvae were collected in each plot by collecting
infested plant stubble. So, each cohort study ran for
two consecutive years, 2008-2009, 2009-2010, and
2010-2011. The samples were taken to the laboratory
and processed by dissecting each stem to characterize
the stage of the immature and to determine whether it
was alive or dead. Mortality was categorized following
procedures described by Peterson et al (2011). To esti-
mate wheat stem sawfly density, percentages of wheat
stem sawfly in the sample consisting of 10 plants were
also calculated after the peak oviposition period was
over, typically the first week in July for each year of the
study.

Determination of Wheat Stem Sawfly Presence
and Mortality Factors. Variables used in the analysis
consisted of six mortality categories: parasitism, patho-
gens, predation, intraspecific mortality due to cannibal-
ism, mortality attributed to host plant resistance during
wheat development and maturation, and unknown fac-
tors during overwintering and metamorphosis. Given
that there are no characters available to distinguish
between the two species of congeneric parasitoids as
immatures (Runyon et al. 2002, Weaver et al. 2005),
the level of parasitism reported was pooled for the two
braconid species for all analyses. The designation
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“pathogens” refers to observation of a dead larva with
signs of hyphae from Fusarium spp. The designation
“predator” refers to the clerid beetle, P. dubius, and
was used when larvae of the developing beetles were
found next to a dead wheat stem sawfly larva.

Cannibalism was estimated by counting the number
of eggs and larvae present in a given stem at each sam-
pling event. There are frequently two or more imma-
ture wheat stem sawfly per stem because females fail to
recognize stems that already contain conspecific eggs
or larvae during an oviposition event (Buteler et al.
2009).0Only one larva will survive and typically the
larger one will consume unhatched eggs or smaller lar-
vae (Holmes 1954, Weiss and Morrill 1992, Weaver
et al. 2005).Thus, we assumed that any additional egg
or small larva in an infested stem was going to die due
to cannibalism. The designation “plant response” refers
to death due to host plant resistance, and is most likely
due to antibiosis, given that the cadavers were usually
associated with a discoloration or darkening of the plant
stem (Morrill et al. 1992), and was considered typical
of hypersensitive plant response, or necrosis leading to
drying of eggs or newly hatched larvae (Shapiro and
DeVay 1987, Petzold-Maxwell et al. 2011).

Multiple Decrement Life Tables. Multiple dec-
rement tables were created for each type of wheat,
location, and year. A broad mathematical assumption of
the multiple decrement life table is that an individual
surviving to a certain age is the product of all inde-
pendent risk of death probabilities. More specific
assumptions are that 1) each death is due to a single
cause; 2) each individual in a population has the same
probability of dying from any of the causes operating in
the population; and 3) the probability of dying from
any given cause is independent of the probability of
dying from any other source (Carey 1993). Calculation
techniques for multiple decrement life tables used the
methods described by Carey (1993), Peterson et al.
(2009, 2011), and Davis et al. (2011). We used an elimi-
nation-of-cause method as part of the program M-
DEC (Davis et al. 2011) to examine combinations of
causes of death in relationship to the absence of other
causes and to characterize each factor in terms of irre-
placeable mortality. Irreplaceable mortality is the mor-
tality rate from a specific factor that cannot be replaced
by another factor in the system being studied at that
particular time (Southwood 1978, Carey 1993).

Following the same methodology described by Peter-
son et al. (2011), variables were defined as: x = the life
stage index; [, = the number of individuals alive at each
x; k, = the number at the beginning of each x; d, =the
total number of deaths in each stage; al, = the fraction
of the cohort living at the beginning of the stage (start-
ing at 1.0 for the first stage and calculated by
al,_1 —ad,_1); ad; ,=fraction of the original cohort
dying in stage x due to cause i; ad,=fractions of all
deaths from all causes (ad;,+ads.+ . ...+ ads,), and;
aq,= stage-specific probability of death within that
stage calculated by the sum of the probability of dying
from all listed causes (d/k,).

To estimate irreplaceable mortality, an algorithm rep-
resented by a quadratic formula was used to generate
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mortality solutions for independent mortality factors in
the absence of all other factors. Elimination-of-cause
analysis relies on the probability of surviving each
source of mortality (p,) and its complement (1 —gq,)
where (1—q;) x...x (1—g,) is the chance of jointly
surviving a set of mortality factors and its complement,
1-[1—g7) x...x (1—gq,)], is the chance of jointly
dying from a set of mortality factors. To estimate mor-
tality in the absence of one or more factors, two simul-
taneous equations with two unknowns are used. For
example, by expressing ¢; (e.g., parasitism) in terms of
g2 (e.g., all other mortality factors), D; and Dy (the
fraction of all individuals observed that died of cause 1
and 2), this yields the quadratic equation:

ags® +bgs +c= 0

where a=D;, b=—(D;+ D) and ¢=Dy(D;+ Ds).
The value of g5 can be found by substituting @, b, and ¢
into the quadratic formula (Davis et al. 2011, Peterson
et al. 2011).

Data Analyses. Analysis of variance was used to
compare percentage of infested stems and number of
immatures found in solid and hollow wheat stem sam-
ples at each location and year. The data were analyzed
using the Mixed Procedure of version 9.3 of the SAS
system (SAS Institute 2012, Cary, NC), with infestation
percentage per sample as the response variable and
type of wheat, location, and their interaction as main
fixed effects. Year and plant samples were considered
random factors.

Analysis of variance was used to compare mortality
in the presence of other causes and irreplaceable mor-
talities caused by each mortality factor and in each
wheat type. The data were analyzed using the Mixed
Procedure of version 9.3 of the SAS System (SAS Insti-
tute 2012), with percent mortality attributed to each
factor as the response variable and type of wheat, loca-
tion, and their interaction as main fixed effects. Year
and replicate samples were assumed to be random fac-
tors in the analysis because random effects are used for
making broad inferences about an entire population,
including levels of the population that are not included
in the experiment, such as the population of years and
plants. Parasitism and pathogen mortalities were square
root-transformed to better meet assumptions of homo-
geneity of variance. Untransformed means and SEs are
presented.

Results

Presence of Wheat Stem Sawfly jn Wheat
Stems. -In total, 7,300 larvae were collected over all
locations and years. At Havre, 1,237, 1,014, and 1,128
larvae were collected in 2008, 2009, and 2010, respec-
tively. At Conrad, 1,216, 710, and 1,895 larvae were col-
lected in 2008, 2009, and 2010, respectively (Fig. 1). In
total, 206, 137, and 171 eggs were collected at Havre in
2008, 2009, and 2010, respectively. At Conrad, 165,
184, and 237 eggs were collected in 2008, 2009, and
2010, respectively (Fig. 1).
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Fig. 1.
Havre and (b) Conrad.,

Both hollow and solid stem wheat were readily
infested (Fig. 2). At Havre, infestation in solid stem

Total numbers of immature wheat stem sawfly, C. cinctus, larvae sampled per location and type of wheat at (a)

also varied by cultivar (F =39.63; df=1, 35; P < 0.001)
and location (F=5.69; df=1, 35; P=0.02), with no

ranged from 59% in 2010 to 77.2% in 2008, while significant interaction between cultivar and location 15
infestation in hollow stem wheat ranged from 11.5% in  (F=0.49; df=1, 35; P=0.5). Solid stem wheat had

5 2009 to 52.4% in 2008. At Conrad, infestation in solid ~ greater infestation percentages and number of imma-
stem ranged from 59% in 2010 to 77.2% in 2008, while  tures per stem than hollow stem wheat.
infestation in hollow stem wheat ranged from 39.5% in Multiple Decrement Life Tables. Multiple dec-
2010 to 62.7% in 2008 (Fig. 2). Infestation percentage rement life tables for each location are presented in 20
varied by cultivar (F=30.12; df=1, 35; P<0.001) and  Table 1. Unhatched eggs succumbed to only two cate-

10 Jocation (F=>5.03; df=1,35; P=0.03), with no signifi-  gories of mortality, either unknown mortality or canni-

cant interaction between cultivar and location (F =0.3;
df=1, 35 P=0.6). Number of immatures per stem

balism. Wheat stem sawfly larvae succumbed to six
mortality categories: parasitism, predation, pathogens,
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Fig. 2. Percentage of infested stems and number of immature wheat stem sawflies per stem in solid and hollow stem

wheat collected at locationsnear Conrad and near Havre, MG, in 2008, 2009, and 2010.

cannibalism, plant response, and unknown factors. The
greatest larval mortality occurred during the summer,
although as much as 50% mortality occurred during
the winter for the overwintering larvae. Plant response
mortality occurred only during the summer on feeding
larvae. This factor did not cause any mortality after lar-
vae had girdled the stems to overwinter.

Mortality in the Presence of Other
Causes. Data in Table 2 represent the probability of
death from the specified causes in the presence of all
observed causes over all stages. For mortality due to
parasitoids in the presence of other causes, there was a
significant interaction between location and type of
wheat (F=9.06; df=1,14; P=0.009). At Conrad,

mortality due to parasitoids was greater in hollow stem
wheat than in solid stem wheat, but no differences
were observed between types of wheat at Havre.
Unknown mortality was typically low, ranging from
1.37 to 7.01%. Mortality due to unknown factors varied
with location (F=15.04; df=1,14; P=0.002) where
larvae in hollow stems at Conrad had a greater mortal-
ity due to unknown factors than larvae developing in
hollow stems at Havre. Mortality due to parasitoids
ranged from 5 to 34%. There was an expected effect of
the type of wheat for mortality due to host plant resist-
ance (F=230.94; df=12; P=0.03), with no location
effect or significant interactions between location and
type. Mortality due to host plant resistance was lower

15
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Table 1. Multiple decrement life table for wheat stem sawfly, C. cinctus, in hollow or solid stem spring wheat at leeations-near Conrad

and near Havre, MO, including egg and larval stages through develoy and met phosis to adult emergence for 2008, 2009, and
2010
Location Wheat Year Category, Fraction Fraction —Fractionof Unknown, Parasitism, Predation, Pathogen, Cannibalism, Plant
type X Dying, Living, al, total dying, aq . aq2, ag3, aq4, ags; response,
agy ad, ag6,
Conrad  Hollow 2008 Egg 0.4 1.0 0.4 0.0 0.0 0.0 0.0 0.4 0.04
Summer 0.5 0.6 0.3 0.0 0.2 0.0 0.0 0.0 0.1
Winter 0.3 0.3 0.3 0.1 0.0 0.0 0.0 0.0 0.0
Total 1.0 0.1 0.2 0.0 0.0 0.4 0.1
Conrad  Solid 2008 Egg 0.7 1.0 0.7 0.0 0.0 0.0 0.0 0.4 0.3
Summer 0.6 04 0.2 0.0 0.1 0.0 0.0 0.0 0.1
Winter 0.2 0.2 0.2 0.02 0.0 0.0 0.0 0.0 0.0
Total 1.0 0.02 0.1 0.0 0.0 0.4 0.4
Havre Hollow 2008 FEgg 0.4 1.0 0.4 0.0 0.0 0.0 0.0 0.3 0.1
Summer 0.3 0.6 0.2 0.0 0.03 0.0 0.0 0.0 0.1
Winter 0.1 0.3 0.4 0.0 0.0 0.0 0.0 0.0 0.0
Total 1.0 0.0 0.03 0.0 0.0 0.3 0.3
Havre Solid 2008 Egg 0.6 1.0 0.6 0.0 0.0 0.0 0.0 0.3 0.3
Summer 0.5 0.4 0.2 0.0 0.02 0.0 0.0 0.0 0.2
Winter 0.1 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0
Total 1.0 0.0 0.02 0.0 0.0 0.3 0.4
Conrad  Solid 2009 Egg 0.6 1.0 0.6 0.0 0.0 0.0 0.0 0.4 0.1
Summer 0.7 0.5 0.3 0.0 0.0 0.0 0.0 0.0 0.3
Winter 0.4 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0
Total 1.0 0.0 0.0 0.0 0.0 0.4 0.4
Havre Hollow 2009 Egg 0.2 1.0 0.2 0.0 0.0 0.0 0.0 0.2 0.0
Summer 0.7 0.8 0.5 0.0 0.2 0.0 0.0 0.0 0.3
Winter 0.4 0.3 0.3 0.1 0.0 0.0 0.0 0.0 0.0
Total 1.0 0.1 0.2 0.0 0.0 0.2 0.3
Havre Solid 2009 Egg 0.4 1.0 0.4 0.0 0.0 0.0 0.0 0.3 0.1
Summer 0.7 0.6 0.4 0.0 0.0 0.0 0.0 0.0 0.3
Winter 0.3 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0
Total 1.0 0.0 0.0 0.0 0.0 0.3 0.4
Conrad  Hollow 2010 Egg 0.5 1.0 0.0 0.1 0.0 0.0 0.0 0.4 0.0
Summer 0.5 1.0 0.5 0.0 0.3 0.0 0.0 0.04 0.0
Winter 0.5 0.5 0.5 0.1 0.0 0.0 0.1 0.0 0.0
Total 1.0 0.2 0.3 0.0 0.1 0.5 0.0
Conrad  Solid 2010 Egg 0.5 1.0 0.5 0.0 0.0 0.0 0.0 0.3 0.2
Summer 0.5 0.5 0.2 0.0 0.1 0.0 0.0 0.0 0.1
Winter 0.4 0.3 0.3 0.1 0.0 0.0 0.1 0.0 0.0
Total 1.0 0.1 0.1 0.0 0.1 0.3 0.3
Havre Hollow 2010 Egg 0.6 1.0 0.6 0.0 0.0 0.0 0.0 0.6 0.0
Summer 0.4 04 0.2 0.0 0.1 0.0 0.0 0.0 0.04
Winter 0.3 0.3 0.3 0.1 0.0 0.0 0.0 0.0 0.0
Total 1.00 0.1 0.1 0.0 0.0 0.6 0.04
Havre Solid 2010 Egg 0.5 1.0 0.5 0.0 0.0 0.0 0.0 0.2 0.2
Summer 0.8 0.5 0.5 0.0 0.1 0.0 0.0 0.0 0.3
Winter 0.2 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
Total 1.0 0.0 0.1 0.0 0.0 0.2 0.5

aqy, fraction of deaths from all causes in stage x given that the individual is alive at the beginning of stage x; al,, fraction of survivors at stage x
out of original cohort of aly; ad,, fraction of deaths in stage x from all causes; ag;,, fraction of deaths from cause i in stage x in the presence of all
other causes given that the individual is alive at the beginning of stage x.

Table 2. Mortality in the presence of the other factors by location, year, and type of wheat for wheat stem sawfly, C. cinctus, eggs,
and larvae through development, overwintering diapause and metamorphosis to adult emergence

Location Type of wheat Total mortality Percentage mortality in the presence of other factors

Cannibalism Plant response Pathogen Predation Parasitism Unknown
Conrad Hollow 459+43 22.3 +4.6a 135+ 1.2a 7.5+ 24a 0.3*+0.3a 26.8 = 7.9a 7.0 =0.0a
Conrad Solid 63.3+£9.1 37.5+3.9a 36.9 = 3.0b 25*0.1b 0.2 +0.2a 6.7+ 1.3b 4.0 = 1.0ab
Havre Hollow 352 %83 43.5£9.3a 12.8 £ 7.6a 1.7+ 0.6b 0.0 = 0.0a 8.0 =2.6b 2.6+ 1.2b
Havre Solid 41.0£4.8 25.3*+3.1a 45.4 + 4.9b 1.2+0.2b 1.1£0.0a 10.0 = 3.0ab 3.0+0.9b

Data are presented as mean * SEM. (n = 12 for each treatment). Rows within columns followed by different letters are significantly different
(0= 0.05).

in hollow stem wheat than in solid stem wheat, ranging ~ df=1,14; P=0.52) or types of wheat (F=0; df=1.2;
from 5 to 14% in hollow stem wheat and from 34 P=0.9).
to 50% in solid stem wheat. The incidence of predation Mortality due to pathogens varied across locations
was very low overall, ranging from 0 to ~1.5%, (F=10.67; df=1,12; P=0.006), but there was also a

5 with no differences between locations (F=0.43; significant interaction between location and type of 10
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Table 3. Irreplaceable mortality by location, year, and type of wheat for wheat stem sawfly, C. cinctus, eggs, and larvae through

development, overwintering diapause, and metamorphosis to adult emergence

Location and year Type of wheat Percentage irreplaceable mortality

Cannibalism Plant response Pathogen Predation Parasitism Unknown
Conrad Hollow 89*3.3a 49+0.7c 58 % 1.6a 0.1+0.1a 11.0 + 1.8a 8.2+ 1.8a
Conrad Solid 10.2+ 1.0a 18.6 = 2.5b 1.5+ 0.5b 0.1*=0.1a 2.3*0.8b 3.7+ 0.8ab
Havre Hollow 15.5 +4.5a 10.8 £3.7b 3.0+ 1.1ab 0.5+ 0.4a 74+ 18a 4.4+ 1.5b
Havre Solid 78%1.8a 31.2+3.6a 0.9*0.1b 0.3*+0.2a 1.9+ 0.6b 1.7+ 0.5b

Data were pooled across years and are presented as mean = SEM. (n = 12 for each treatment). Rows within columns followed by different let-

ters are significantly different (o= 0.05).

wheat (F=541; df=1,14; P=0.03). Pathogen mortal-
ity was greater at Conrad in hollow stems than in solid

pathogens, and unknown mortality factors. The multi-
ple decrement life tables show that for eggs, cannibal-

stems, but there were no differences between wheat ism and host plant resistance or unknown factors were 50
types at Havre. Cannibalism mortality ranged from the most prevalent mortality factors. Egg parasitoids

5 18 to 52% with no significant differences between loca- ~ were not detected. Summer mortality of injurious lar-
tions (F=0.17; df=1,14; P=0.68) or type of wheat vae ranged from 29 to 84% mainly due to parasitism by
(F=0.45;df=12; P=0.57). B. cephi and B. lissogaster and host plant resistance.

Irreplaceable Mortality. Data in Table 3 represent ~ Winter mortality factors varied greatly by location and 55
the mortality from the specified causes, which cannot be  year, ranging from 6 to 52% of the overwintering lar-

10 replaced by the other causes that were observed (irre-  vae, mainly due to unknown factors or pathogens.
placeable). There was a significant effect of type of wheat Parasitism in the presence of other factors caused a
(F=2761; df=12; P=0.03) and location (F=8.32; mean mortality of as much as 34%. Irreplaceable mor-
df=1,14; P=0.01) on the irreplaceable mortality due to  tality due to parasitism in this study reached a mean 60
host plant resistance. Mortality attributed to host plant ~maximum of 12%, surpassed only by the host plant

15 resistance was greater at Havre than at Conrad and was  resistance factor selected for in solid-stem wheat, at
greater in solid stem wheat than in hollow stem wheat. ~34% mortality. These results agree with those

There was a location effect on unknown mortality, —obtained by Peterson et al. (2011), who found that par-
where wheat stem sawfly from Conrad typically had a  asitism represents an important mortality factor for 65
greater unknown mortality, particularly in hollow stem  wheat stem sawfly larvae developing in the stems dur-

20 wheat (F=10.17; df=1,14; P<0.01). No significant ing the summer, and that when parasitism occurs, it is
differences were observed between locations (F=3.97; largely not replaced by other factors. Irreplaceable
df=1,14; P=0.07), types of wheat (F=11.9; df=1,2; mortalities from parasitism are lower in the present
P=0.07), or their interaction (F=1.66; df=114; study than those reported by Peterson et al. (2001), 70
P=0.22) in the irreplaceable mortality due to patho-  which ranged from 22 to 35%. This difference is most

25 gens. No significant differences were observed between  likely because overall parasitism in the presence of
locations (F=0.68; df =1,14; P=0.42), types of wheat other factors was also lower in this study and because
(F=0.78; df=1, 2; P=047), or their interaction we have also accounted for mortality factors occurring
(F=2.72; df=1,14; P=0.12) in the irreplaceable mor-  during the winter and through adult emergence. How- 75
tality due to cannibalism. Mean mortality due to canni-  ever, winter mortality occurs after the prediapause lar-

30 balism ranged from ~6 to 20%. vae have already injured the plants. Therefore, the

Irreplaceable mortality due to predation was very impact of prediapause larvae mortality, during the
low and no differences were observed between loca-  summer growing season, is much greater than that of
tions (F=0.93; df=1,14; P=0.35), types of wheat winter mortality. 80
(F=0.23; df=1, 2; P=0.68), or their interaction Mortality by parasitism in hollow stem wheat was

35 (F=0.04; df=1,14; P=0.85). more irreplaceable than in solid stem wheat, where it is

There was a significant effect of type of wheat on the  most likely replaced to some degree by host plant
irreplaceable mortality due to parasitism (F=30.77; resistance. Interestingly, larval mortality from parasit-
df=1, 2; P=0.03) with no effect of location (F=2.44; ism was lower in solid stem wheat than in hollow stem 85
df=1,14; P=0.14) or of the interactions between both ~ wheat. This could be explained because parasitoids

40 factors (F=149; df=114; P=0.24). Irreplaceable may not find as many suitable hosts in solid stems
mortality due to parasitism was greater in hollow stem  because host plant resistance causes greater mortality
wheat than in solid stem wheat, where it was reduced in eggs and young larvae than hollow stem wheat,
significantly compared with the parasitoid mortality, reducing the availability of individuals that can grow 90
considering the presence of other factors. large enough to be injurious to the crop and potentially

parasitized. Mean mortality in solid stem wheat due to

e Discussion host plant resistance for eggs and larvae ranged from

12 to 50%in the presence of other factors, but these

The most significant sources of wheat stem sawfly life stages are not viable as hosts for endemic braconid 95

mortality were parasitism, host plant resistance,

parasitoids. Infestation in solid stem wheat was
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type of wheat given that parasitism rates can decline at  on oviposition preference (Perez-Mendoza et al. 2006, 65
very high levels of infestation, due to increased canni-  Weaver et al. 2009), and this will also have an effect on

5 balism and host location inefficiency at greater host the number of eggs per stem. Finally, oviposition deci-
numbers (Weaver et al. 2005). sions may not be associated with larval performance,

As expected, eggs and larvae developing in solid stem  given that, as seen in this study, wheat stem sawfly
wheat had a greater risk of dying within the stems dur-  females prefer to lay eggs in plants where larvae will 70
ing the summer because of host plant responses. Mortal-  have a lower chance of survival (solid stem wheat).

10 ity of eggs and larvae from plant responses in the Perez-Mendoza et al. (2006) also observed an oviposi-
presence of other factors was greater in solid stem tion preference for downy brome grass, Bromus
(means from 34 to 50%) than in hollow stem wheat tectorum L., when compared with adjacent wheat,
(means from 12 to 15%). On the contrary, mortality due  although mortality of late instars at plant maturity was 75
to unknown factors occurring in the winter was similar  significantly greater in the ripening grass weed than in

15 across wheat types and ranged from 3 to 13%. These ripening wheat stems. Also, in this cropping system,
results clearly demonstrate that mortality due to solid —eggs are weakly aggregated along a field, while larvae
stem wheat occurs during the egg and prediapause tend to be more aggregated, overall, within a wheat field
larval stages within the stem. Our results agree with Car-  (Nansen et al. 2005a, b). Aggregations of eggs decreased 80
camo et al. (2011), who showed that overwintering mor-  later during the oviposition window because females uti-

20 tality was not related to the type of wheat cultivar. lized plants further in the growing fields, while larval

There was significant variability in the percentage aggregation became more exaggerated, reflecting the
mortality due to host plant resistance across locations  spatial variability in optimal wheat hosts and the higher
and this is expected based on the consistency of stem  rates of oviposition and subsequent cannibalism in these 85
solidness, where the amount and density of pith varies more suitable hosts, both along the field periphery and

25 with climatic conditions during wheat development. further into the field (Nansen et al. 2005a, b).

Stem solidness in wheat relates to the degree of solid Our results suggest that the impact of host plant
pith (undifferentiated parenchyma cells) development resistance on early developmental stages in solid stem
within the stem, which can vary from 0 to 100%, wheat and the greater parasitism of larger, more 90
depending on plant genotype and environmental condi-  mature larvae in hollow stem wheat are the most signif-

30 tions (Berzonsky et al. 2003, Beres et al. 2012). More-  icant mortality factors, even when mortality factors
over, the timing of the wheat stem sawfly flight may occurring throughout the year are taken into account.
also affect the efficacy of solid stem wheat at killing lar- ~ Further, estimates of irreplaceable mortality indicate
vae, especially when a dense plant stand causes canopy  that these factors cause significant, appreciable reduc- 95
shading that limits pith expression (Luginbill and tions in populations at different stages of development

35 McNeal 1958). However, host plant resistance repre- when they are operating. Therefore, attention should
sents a significant source of larval mortality, with a  be focused on enhancing these mortality factors within
mean maximum of 34% irreplaceable mortality in solid ~an integrated pest management program for wheat
stem wheat in this study. Moreover, the negative effects  stem sawfly, primarily by planting solid stem wheat in 100
of solid-stem host plants have also been shown to heavily infested fields (Beres et al. 2012b) and by post-

40 extend to lower fecundity as smaller larvae generally harvest conservation of parasitoids in wheat stubble
produce smaller female adults with lower egg loads  (Runyon et al. 2002) that serves as the primary reser-
(Morrill et al. 1994, Cércamo et al. 2005). Over time,  voir of overwintering parasitoid populations. More
this could have an impact on the potential overall infes-  broadly, the multiple decrement life table analysis 105
tation in wheat stem sawfly populations repeatedly allowed for estimation of mortality risks, competing

45 exposed to solid stem wheat. risks, and irreplaceable mortality, further demonstrating

The occurrence of obligate cannibalism within a pro-  the utility of biodemographic analytical approaches for
tective stem allows for a substantial analysis of this phe-  insects. This is clearly important for all phytophagous
nomenon. No significant differences were observed in  insects, but is essential when dealing with a cryptic pest 110
cannibalism among locations or wheat types. Mortality ~ with all injurious stages concealed inside the stem.

50 due to cannibalism, in the presence of other factors,
ranged from ~18 to 52%. Mean irreplaceable mortality
due to cannibalism had a maximum of ~20% with no Acknowledgments
significant differences between locations or types of We thank Jenny Marquez and Aracely Ospina-Lopez for
wheat. Cannibalism is most readily detected in the egg  technical assistance, and wheat producers Jerry Philipps and

55 stage and was negligible in larvae (with an observed — Mark Peterson for allowing unlimited access to their land 115

significantly greater than in hollow stem wheat, which
could explain the lower number of parasitoids in this

maximum mean of 3.5%). For wheat stem sawfly, the
presence of conspecifics in a stem will be influenced by
a combination of factors related to ovipositing deci-
sions, as well as biotic factors related to the host. First,

survive in any infested stem. Second, wheat stem sawfly
will infest different hosts at different rates, depending

during the experiments. The funding for this project was pro-

vided by the Montana Wheat and Barley Committee.
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