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Abstract

The population of monarch butterflies east of the Rocky Mountains has experienced a significant decline over
the past 20 yr. In order to increase monarch numbers in the breeding range, habitat restoration that includes
planting milkweed plants is essential. Milkweeds in the genus Asclepias and Cynanchum are the only host plants
for larval monarch butterflies in North America, but larval performance and survival across nine milkweeds native
to the Midwest is not well documented. We examined development and survival of monarchs from first-instar
larval stages to adulthood on nine milkweed species native to lowa. The milkweeds included Asclepias exaltata
(poke milkweed) (Gentianales: Apocynaceae), Asclepias hirtella (tall green milkweed) (Gentianales: Apocynaceae),
Asclepias incarnata (swamp milkweed) (Gentianales: Apocynaceae), Asclepias speciosa (showy milkweed)
(Gentianales: Apocynaceae), Asclepias sullivantii (prairie milkweed) (Gentianales: Apocynaceae), Asclepias
syriaca (common milkweed) (Gentianales: Apocynaceae), Asclepias tuberosa (butterfly milkweed) (Gentianales:
Apocynaceae), Asclepias verticillata (whorled milkweed) (Gentianales: Apocynaceae), and Cynanchum laeve (honey
vine milkweed) (Gentianales: Apocynaceae). In greenhouse experiments, fewer larvae that fed on Asclepias hirtella
and Asclepias sullivantii reached adulthood compared with larvae that fed on the other milkweed species. Monarch
pupal width and adult dry mass differed among milkweeds, but larval duration (days), pupal duration (days), pupal
mass, pupal length, and adult wet mass were not significantly different. Both the absolute and relative adult lipids
were different among milkweed treatments; these differences are not fully explained by differences in adult dry
mass. Monarch butterflies can survive on all nine milkweed species, but the expected survival probability varied
from 30 to 75% among the nine milkweed species.
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monarchs that overwintered in Mexico originated from the Midwest
(Wassenaar and Hobson 1998, Flockhart et al. 2017) and fed on

The populations of monarch butterflies east and west of the Rocky
Mountains have experienced a significant decline in overwintering

numbers over the past 20 yr (Brower et al. 2012, Espeset et al. 2016,
Stenoien et al. 2016). Although this decline may not be representa-
tive of the monarch population size during other times of the year
(Davis 2012, Davis and Dyer 20135), this decline has been attributed
to multiple factors including the loss of milkweed (Oberhauser et al.
2001, Pleasants and Oberhauser 2013, Pleasants 2017, Zaya et al.
2017) and nectar sources (Inamine et al. 2016) within the breed-
ing range. Recent modeling work has implicated the loss of habi-
tat, including milkweeds, within the breeding range as the largest
threat to the monarch population (Zalucki and Lammers 2010,
Flockhart et al. 20135, Zalucki et al. 2016). A large proportion of the

common milkweed, Asclepias syriaca (Asclepiadaceae), as larvae
(Seiber et al. 1986, Malcolm et al. 1989). Restoration of monarch
habitat in this region is essential to increase population numbers
(Oberhauser et al. 2016) and federal, state, and non-profit groups
have undertaken efforts to establish monarch habitat. These projects
have focused on adding milkweed plants, the only host plants of
monarch larvae, to the landscape.

Traditionally, row crop agriculture in the Midwest was a signifi-
cant source of common milkweed (A. syriaca), among the most heavily
used host plants by monarchs in the North American breeding range
(Oberhauser 2001, Pleasants and Oberhauser 2013). Virtually all
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habitat restoration recommendations are based on A. syriaca, whereas
the historic Midwestern grassland and wetland habitats contained sev-
eral milkweed species (Hayden 1919,Woodson 1954, Pleasants 2015).
These other milkweed species could potentially provide a broader base
of resources adapted to a wider range of sites and weather for a more
sustainable approach to habitat restorations. More information is
needed about monarch larval survival and performance on these milk-
weeds to understand how they contribute to population growth.

Several prior studies have addressed various aspects of monarch
survival from larvae to adults, but few include comparative work on
multiple milkweed species. Comparative studies on North American
monarchs include Schroeder’s (1976) energy budget for larvae that
fed on A. syriaca, larval performance and nutrition on four milk-
weed species (Erickson 1973), and growth differences between mon-
archs collected from eastern and western North America on widely
distributed milkweed species (Ladner and Altizer 2005). Other stud-
ies have examined growth differences of larvae that fed on A. syriaca
and Cynanchum laeve (Yeargan and Allard 2005) and on milkweeds
native to Southern California (Zalucki et al. 2012) throughout devel-
opment. Additional work has focused on the survival of early-in-
star larvae on a range of North American species native to Florida
(Zalucki and Brower 1992), the Midwest (Pocius et al. 2017), and
across the Eastern United States (Zalucki and Malcolm 1999).
Furthermore, Robertson et al. (2015) investigated larval preferences
among four milkweeds native to the California desert, while Agrawal
etal. (2015) compared larval performance on a wide variety of milk-
weed species to determine the impacts of evolutionary history and
latex on milkweed defenses and monarch growth.

Because most milkweeds native to the Midwest, especially those
with narrow ranges, have not been tested, we examined larval sur-
vival on nine milkweed species native to lowa, which is a high priority
area for Midwestern conservation efforts (The Center for Biological
Diversity 2014). The species we examined were: A. syriaca (common
milkweed), Asclepias incarnata (swamp milkweed), Asclepias tuber-
osa (butterfly milkweed), Asclepias verticillata (whorled milkweed),
Asclepias speciosa (showy milkweed), Asclepias exaltata (poke milk-
weed), Asclepias sullivantii (prairie milkweed), Asclepias hirtella
(tall green milkweed), and Cynanchum laeve (honeyvine milkweed).
These species have overlapping ranges (Woodson 1954), varying
concentrations of cardenolides (Woodson 1954, Roeske et al. 1976,
Malcolm 1991, Agrawal et al. 2009, Rasmann and Agrawal 2011),
quercetin glycosides (Haribal and Renwick 1996, Agrawal et al.
2009), and adaptation to different habitats (Woodson 1954, Kaul
et al. 1991, Eilers and Roosa 1994). We examined larval perfor-
mance and survival on young plants of the nine species listed earlier
to determine any differences in the resulting adults including mass,
torewing length, and hindwing length, or development time (days)
in the larval and pupal stages relative to the milkweed species on
which the larvae fed. Our prior work suggested that there were dif-
ferences in both mass and lipid content in young larvae, second and
third instars, that fed on both leaves and young plants of different
milkweed species (Pocius et al. 2017), although there were no differ-
ences in survival. We suspected that these differences could change
as the monarch larvae develop to adulthood because there were no
significant differences in pupal weight and development time among
larvae that fed on A. syriaca and C. laeve (Yeargan and Allard 2005),
although larval growth rates differed based on the host plant species
(Ladner and Altizer 20035, Yeargan and Allard 2005). Understanding
how milkweed species influence monarch development and survival
will be critical in choosing milkweed species for monarch habitat res-
toration, and given the large number of acres that are being planted,
this knowledge could also have significant economic implications.

Materials and Methods

Monarch Larvae Used in Experiments

A monarch butterfly colony was started by collecting 253 monarch
eggs and young larvae from 21 May to 9 June 2014 from Boone and
Story Counties in lowa. Larvae were reared on A. syriaca through
the summer growing season and A. curassavica, a tropical milkweed,
from greenhouse-grown plants through the fall and winter. Upon
eclosion, adults were tested for Ophryocystis elektroscirrha (OE).
Adults that tested negative for OE were allowed to mate and eggs
were collected for propagation of the colony on a weekly basis.
Twelve generations of colony breeding preceded the beginning of
this experiment; inbreeding should not affect monarch preferences
as colony breeding for multiple generations did not influence mon-
arch growth or performance on different milkweeds (Ladner and
Altizer 2005).

Milkweed Feeding Assay

Milkweeds of all nine species were grown from seed without the
use of chemical pesticides in a greenhouse (21.1-35°C, 16 h photo-
phase, and 56% RH) at Iowa State University. Growing conditions
represent a middle ground among the nine species tested. Seeds
were sown into 128-cell plug trays (Landmark Plastics, Akron, OH)
and then at approximately 6 wk following germination were trans-
planted into 8.9 cm square deep perennial pots (Kord, Ontario,
Canada). Plants ranged from 10 to 30 c¢m in height depending on
milkweed species. Milkweeds were 8 wk old when used in each trial;
all plants were healthy with undamaged leaves at the start of each
trial. Each plant was watered and placed into a water-filled, waxed
paper cup. One neonate was added to each plant. A mesh pop-up
hamper cage (57 x 37 x 55 cm) was placed over the plant and neo-
nate; a no-see-um netting bag was pulled up over the mesh cage
and tied on the top with a wire tie. The experiment was arranged in
a randomized complete block design with the block including one
plant of each of the nine milkweed species growing in each pop up
cage. Each trial (six blocks) was replicated six times for a total of
36 blocks.

All blocks were kept on the same bench in the greenhouse
(21.1-35°C, 16 h photophase, and 56% RH) positioned in a rand-
omized complete block design (six trials of six blocks). Greenhouse
temperature was recorded hourly via Thermochron sensors
(Embedded Data Systems, iButton, New South Wales, Australia).
Larvae were monitored for survivorship on Days 5, 10, and 14,
when the larvae ranged from second to fifth instar. Beginning at
Day 10, we monitored each cage for pupae in order to record the
most accurate pupation date; we did not monitor young larvae
daily in order to reduce stress on the larvae and young milkweed
plants. Milkweed plants were watered daily, and additional milk-
weed plants were added on Days 6 and 10 to provide adequate
food for each larva. No larvae ran out of food over the course of
this experiment. Larvae were monitored daily for pupation start-
ing at Day 12.

Following pupation, chrysalids were allowed to sclerotize in the
greenhouse for 24 h after which they were removed from each cage
and transported to the laboratory. Hardened pupae were weighed
to the nearest hundredth of a milligram on an AND GR-202 bal-
ance (A&D Company, Limited, Toshima-ku, Tokyo, Japan); pupal
length and width were measured to the nearest hundredth of a mil-
limeter with digital calipers (Neiko Tools, USA). Individual pupae
were attached to wooden applicators with small beads of hot glue
(AdTech Detailer Glue Gun), and hung inside individual plastic cups
(227 ml, WNATST) for eclosion.
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Upon eclosion, adult emergence date and sex were recorded. Live
adults were weighed to the nearest hundredth of a milligram after
allowing their wings to harden for 24 h. Adult forewing length and
hindwing length were measured to the nearest hundredth of a mil-
limeter using digital calipers (Neiko Tools); adults were then frozen
for subsequent lipid extraction.

Adult Lipid Assay

Lipid content was quantified for half of the resulting adults at Sweet
Briar College in July 2016. Lipids were extracted following the
procedure outlined by Brower (2006), which includes drying the
butterflies, weighing them, extracting the lipid in petroleum ether,
evaporating the petroleum ether, and then weighing the extracted
lipid (Alonso-Mejia et al. 1997, Brower 2006, Brower et al. 2015).
Because there were no significant differences in lipid content between
the sexes, lipids from males and females were pooled for analysis
(Alonso-Mejia et al. 1997, Brower 2006, Brower et al. 2015). Data
are presented both as average milligrams of lipid and lipid as a per-
centage of butterfly mass for butterflies that fed on each milkweed
species.

Statistical Analysis

Data were analyzed using R version 3.1.2 (R Core Team 2014).
Within each experiment, data were combined across trials (36 blocks
total), as blocks were not significantly different from one another.
Differences in survival were determined using a log rank test on the
Kaplan-Meier survival estimates for larvae that fed on each milk-
weed species. Pairwise log-rank tests were used to compare species
(Jokela et al. 2016) as this analysis allowed us to include individ-
uals that spent different amounts of time as larvae and pupae; a
Bonferroni correction was used to adjust the significance level for
pairwise comparisons (adjusted a = 0.0014, Thieltges 2005). A one-
way ANOVA was used to assess differences in pupal and adult
responses (mass, pupal length, pupal width, forewing length, and
hindwing length) among milkweed species. A Tukey HSD test was
used to assess pairwise differences in larval development time among
milkweed species. A one-way ANOVA was used to assess differences
in total percent of lipids between groups relative to the milkweed
species they were fed. A Tukey HSD test was used to assess pairwise
differences in lipid percentages. Sexes were pooled for all analyses,
as there were no significant differences when males and females were
analyzed separately.

Results
Milkweed Feeding Assay

Survivorship from first instar to adult varied from 30 to 70% across
milkweed species, averaging 58% across all milkweeds species.
Survivorship differed among milkweed species (x> = 32.8, df = 8,
P < 0.001, Figs. 1 and 2D). Fewer monarchs that fed on A. hirtella
survived than those that fed on A. tuberosa (P < 0.001), or A. exal-
tata (P < 0.001). Fewer monarchs that fed on A. sullivantii survived
than those that fed on A. exaltata (P < 0.001). No other pairwise
differences in survival were significant. When survival was analyzed
in 5-d increments, there were no differences in the proportion of lar-
vae that survived on each milkweed species (Fig. 2A and B), although
there was lower survival on C. laeve during the first 5 d (Fig. 2A), on
A. sullivantii for the first 10 d (Fig. 2B), and both A. hirtella and A
sullivantii during the first 14 d (Fig. 2C). Between pupation and eclo-
sion, there was high mortality in both A. hirtella and A. sullivantii
(Fig. 2D). There were no differences in larval or pupal duration,
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Fig. 1. Visualization of Kaplan-Meier survival probability over time (days) of
monarch butterflies from larvae to adults that fed on nine different milkweed
species (EXA = A. exaltata, HIR = A. hirtella, INC = A. incarnata, LAE = C. laeve,
SPE = A. speciosa, SUL = A. sullivantii, SYR = A. syriaca, TUB = A. tuberosa).
At the beginning of the experiment, n = 36 larvae for each milkweed species.
Each line represents one milkweed species. Fewer monarchs that fed on
A. hirtella survived than those that fed on A. tuberosa or A. exaltata; fewer
monarchs that consumed A. sullivantii survived than those that consumed
A. exaltata. Lines that do not share a letter are significantly different from
each other at P< 0.001.

defined by number of days as a larva (all instars combined), or as a
pupa, among feeding treatments. Monarchs spent 14-15 d as larvae
and 9-11 d as pupae across treatments. There were no differences in
adult wet mass or hindwing lengths, but forewing length (F = 4.12,
df = 8, P < 0.001, Table 1) and adult dry mass were significantly
different among the resulting adults (F = 4.17, df = 8, P < 0.001,
Table 1). When adults were dried before lipid analysis, adults that
fed on A. hirtella weighed less than adults that fed on A. incarnata
(P < 0.001). Adults that fed on A. exaltata (P < 0.01), A. incarnata
(P <0.01), A. speciosa (P < 0.01), A. syriaca (P < 0.001), A. tuberosa
(P < 0.001), A. verticillata (P < 0.01), and C. laeve (P < 0.05) as lar-
vae had longer forewings than those that fed on A. hirtella (Table 1).
No other species showed difference in pairwise comparisons in fore-
wing length.

Pupal mass was significantly different across milkweed treat-
ments (F = 4.04, df = 8, P < 0.001, Table 2). Pupae that consumed
A. hirtella as larvae weighed less than those that fed on A. exaltata
(P <0.001), A. incarnata (P < 0.001), A. speciosa (P < 0.01), A. syri-
aca (P < 0.001), A. tuberosa (P < 0.001), A. verticillata (P < 0.01),
and C. laeve (P < 0.01). Pupal length was not different among milk-
weed treatments, but pupal width (F = 3.08,df = 8, P < 0.01, Table 2)
was different among milkweed treatments. Pupae that consumed
A. exaltata (P < 0.05), C. laeve (P < 0.05), A. speciosa (P < 0.01),
A. tuberosa (P < 0.05), and A. verticillata (P < 0.05) as larvae were
wider than those that fed on A. hirtella.

Lipid assay

The total amount of lipid (milligrams) was significantly differ-
ent among adults that fed on the nine different milkweed species
(F = 3.36, df = 8, P < 0.01, Table 1). Adults that fed on A. exal-
tata (P < 0.01), A. incarnata (P < 0.01), and A. syriaca (P < 0.01)
had higher lipid content than those that fed on A. hirtella as lar-
vae. Adults contained between 1.9 and 25.5 mg of lipid across spe-
cies (for species averages, see Table 1). Lipid concentration (lipids
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Fig. 2. Percent of monarchs surviving from 0 to 5 d as larvae (A), 0-10 d as larvae (B), 0-14 d during pupation (C, pupation), and from neonate to adulthood (D).
There are no significant differences among milkweed species when survivorship is examined at 5, 10, or 14 d. Survival is different among milkweed treatments
from neonate to adulthood (D). More monarchs survived on A. exaltata and A. tuberosa than on A. hirtella (P < 0.05); more monarchs survived on A. tuberosa

than on A. sullivantii (P < 0.05).

Table 1. Mean adult measurements (+95% confidence intervals) from six trials (n = 168 butterflies total)

Milkweed species Milkweed No. of adults Mean adult Mean adult ~ Mean forewing Mean hindwing Mean lipid
common name measured (7)  wet mass (mg) dry mass* length (mm)** length (mm) content (mg)***

A. exaltata (EXA)  Poke milkweed 22; 13 for lipids  718.8 = 181.3 177.3 +21.1%  49.7+0.75* 33.9+0.61 13.0 = 1.69*
A. hirtella (HIR) ~ Tall green milkweed ~ 6; 3 for lipids ~ 307.2 = 33.4  87.0+30.4%  43.8x1.4% 30.4 = 1.0 22+0308
A. incarnata (INC) Swamp milkweed 25; 12 for lipids  543.8 =12.3  193.6 + 9.2% 50.6 = 0.44* 33.7 = 0.45 15.9 = 5.84F
C. laeve (LAE) Honeyvine milkweed 18; 11 for lipids  502.7 = 18.2  152.4 = 19.8"®  49.8 + 0.524 33.6+0.45 6.3 +0.758
A. speciosa (SPE)  Showy milkweed 18; 10 for lipids  529.3 = 16.9  174.4 = 8.6* 50.7 = 0.694 37.5 = 3.6 7.2+ 1.6%8
A. sullivantii (SUL) Prairie milkweed 9; 4 for lipids ~ 456.1 = 59.1  167.4 = 104.6*  46.1 2,98 31.7 = 1.8 8.3 1.948
A. syriaca (SYR) ~ Common milkweed  22; 13 for lipids 552.4 = 10.5 1743 +22.8"  50.8=0.41% 33.9 +0.29 12.5 = 1.44
A. tuberosa (TUB)  Butterfly milkweed  25; 12 for lipids  529.2 = 14.7  161.9 202"  50.9 = 0.60" 34.8 = 0.41 16.7 = 8.24
A. verticillata Whorled milkweed ~ 23; 11 for lipids  513.6 = 16.4  171.0 = 14.1* 499 = 0.89* 34.4 +0.78 6.9 =2.548

(VER)

Each measurement represents mean = standard error. Adult mass and hindwing length were not different across milkweed species. Adult dry mass was signifi-

cantly different across milkweed species at a significance level of P < 0.001. **Forewing length was significantly different across treatments at a significance level

of P < 0.01. ***Milligrams of lipid were significantly different across treatments at a significance level of P < 0.05. Log-transformed lipids were used for analysis;

untransformed lipid values are reported here. Cells within columns that do not share a letter are significantly different from each other

as a percentage of total adult mass) was also significantly different
among milkweed treatments (F = 5.35, df = 8, P < 0.0001, Table 1).

Discussion

Adults that fed on A. exaltata as larvae had higher lipid concen-
trations than those that fed on A. hirtella (P < 0.05), A. speciosa
(P < 0.05), or A. verticillata (P < 0.001). Adults that fed on A. syri-
aca as larvae had higher lipid concentrations than those that fed on
A. hirtella (P < 0.05), A. speciosa (P < 0.05), A. tuberosa (P < 0.001),
and A. verticillata (P < 0.05). All other comparisons were not signif-
icantly different.

Monarchs can survive on and will consume all nine milkweed spe-
cies tested, but survivorship throughout development is higher on
some species compared with others (Figs. 1 and 2). Seven of the
nine species could be used for monarch habitat restoration in the
Midwest provided that each species is planted within its native range
and in its appropriate habitat. Our findings suggest that A. hirtella
and A. sullivantii are not the best choice for these plantings because
monarchs had a lower probability of reaching adulthood when fed
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Table 2. Mean pupal measurements (+95% confidence intervals) from six trials (n = 188 pupae total)

Milkweed Number of pupae Pupal mass (mg)* Pupal length (mm) Pupal width (mm)**
species measured (7)

EXA 28 1386.3 = 41.64 23.7+0.29 10.9 + 0.174
HIR 6 903.2 = 88.6° 21.5+1.0 9.5+0.31%
INC 27 1417.1 = 48.54 242027 10.6 = 0.134B
LAE 18 1330.2 + 41.14 23.7+0.36 10.7 = 0.124
SPE 21 1395.7 = 36.04 24.2 +0.30 11.0 = 0.134
SUL 13 1167.1 = 133.34 223+12 10.3 = 0.3948
SYR 25 1379.2 + 37.54 24.5 +0.37 10.6 + 0.1348
TUB 26 1365.1 = 43.54 24.1 +0.42 10.9 = 0.174
VER 24 1313.1 = 40.44 23.5+0.29 10.8 = 0.164

Milkweed abbreviations are the same as in Table 1. *Pupal mass was significantly different across milkweed treatments at a significance level of P < 0.001.
**Pupal width was different among milkweed treatments at a significance level of P < 0.01. Cells within columns that do not share a letter are significantly different

from each other.

young plants of these milkweed species. Only 30% of larvae that fed
on A. hirtella and 36% that fed on A. sullivantii reached adulthood
compared with 75% that fed on A. tuberosa and 72% that fed on
A.exaltata.

On average, larval survival was above 50% for the entirety of the
study when larvae fed on young plants, higher than larval survival
recorded in the field (Oberhauser and Solensky 2004, Nail et al.
2015). Handling the larvae during plant replacements or increased
larval stress due to feeding on fresh milkweeds with intact plant
defenses such as latex may have contributed to mortality rates.
Unlike Ladner and Altizer (2005), we found no difference in larval
survival among A. incarnata, A. speciosa, and A. syriaca (Fig. 1), but
they recorded larval survival to fifth instar on milkweed leaf cuttings,
not plants. A. exaltata and A. tuberosa had the highest survivorship
in our study, but these species were not tested by Ladner and Altizer
(2005). We did not see highest larval mortality during early instars as
Ladner and Altizer (2005) did, but rather during pupation and eclo-
sion (Fig. 2). We did see increased early instar mortality on C. laeve
as in Pocius et al. (2017), but this difference was not significant
(Fig. 2). Unlike our previous work, there were no developmental lags
in larvae that fed on C. laeve plants. Larvae that fed on C. laeve
progressed through both larval and pupal stages in the same amount
of time as larvae that fed on other species.

Differing Water Content in Live Butterflies Most

Likely Masked the Differences in Dry Tissue Weight
When Each Adult was Measured Initially

Our prior work suggested that A. hirtella produced lighter larvae
after Day 5 than other milkweed plants (Pocius et al. 2017); this
difference in mass was evident in the pupal stage (Table 2), but not
when wet mass was compared in live adults. When adults were dried,
those that fed on A. hirtella had a lower dry mass than adults that
fed on other milkweed species (Table 1).

Given that larval development is driven by temperature, the
similarities in development time across species were not surprising
(Zalucki and Kitching 1982) although development can vary with
food quality (Lavoie and Oberhauser 2004). Monarchs spent 14-15
d as larvae and 9-11 d as pupae across treatments. Unlike Yeargan
and Allard (2005), we did not see any growth differences between
larvae, pupae, and adults that fed on C. laeve versus A. syriaca. We
did see differences in pupal mass, as did Yeargan and Allard (2005),
but only A. hirtella pupae were significantly lighter than pupae that
fed on other milkweeds as larvae (Fig. 3). Fewer early instars reared
on C. laeve plants survived during the first 5 d of this study, but those

n
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Fig. 3. Differences in relative adult lipid content (% total mass) among nine
native milkweed species. This graph represents the lipid content from half
of the resulting adults from eight trials (n = 89 total). Error bars depict 95%
confidence intervals. EXA = A. exaltata (n = 13 butterflies), HIR = A. hirtella
(n = three butterflies), INC = A. incarnata (n = 12 butterflies), LAE = C. laeve
(n =11 butterflies), SPE = A. speciosa (n = 10 butterflies), SUL = A. sullivantii
(n = four butterflies), SYR = A. syriaca (n = 13 butterflies), TUB = A. tuberosa
(n =12 butterflies), and VER = A. verticillata (n = 11 butterflies). Bars that do
not share a letter are significantly different from each other at P < 0.05.

that did survive were the same size as other pupae and adults; this
indicates that any early differences in mass, as in Pocius et al. (2017),
can be overcome during later developmental stages (Table 1). In
prior work, young larvae that fed on A. verticillata, a milkweed spe-
cies that tends to have low cardenolide levels produced the heaviest
larvae (Pocius et al. 2017); however, this difference in mass did not
carry into subsequent developmental stages (Table 1).

Cardenolide Content is Only one FactorThat Could
Contribute to the Variation in Survival That we
Observed

Although we did not measure cardenolide content in our milkweed
plants, A. hirtella has higher average foliar cardenolides when com-
pared with other milkweed species in prior studies (Woodson 1954,
Roeske et al. 1976, Agrawal et al. 2009, Rasmann and Agrawal
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2011). This difference in cardenolide content may influence monarch
survival (Malcolm 1994, Malcolm and Zalucki 1996) and persists
whether cardenolides are induced or remain at constitutive levels
(Rasmann and Agrawal 2011). Plants grown inside the greenhouse
in smaller pots may not respond to larval feeding by inducing higher
cardenolide concentrations (Baldwin 1987, 1988), but differences
in constitutive cardenolide levels may have influenced larval perfor-
mance in our experiment. A. hirtella had higher average published
cardenolide content compared with other species tested and those
larvae struggled to pupate, but larvae that fed A. speciosa, a milk-
weed with published cardenolide content higher than most of the
species tested (Roeske et al. 1976, Agrawal et al. 2009, Rasmann and
Agrawal 2011), pupated without difficulty (Fig. 2C). Other factors
such as differing latex flow, differing amounts of larval movement
on various milkweed species, and differing plant architecture among
milkweed species also likely contributed to the observed differ-
ences in monarch survival (Zalucki and Brower 1992, Malcolm and
Zalucki 1996, Zalucki and Malcolm 1999, Zalucki et al. 2001a,b).
We observed differences in adult forewing length among milkweed
species, but these measures are within the range observed in wild
monarchs (Altizer and Davis 2010). We do not know if there is an
advantage of larger forewings for a breeding monarch, but autumn
migrants usually have longer forewings (Altizer and Davis 2010).

We observed differences in pupal mass and length (Table 2).
Some of these differences in mass did carry over to the adult stage,
but only when the adults were dried (Tables 1 and 2). Although these
data are noteworthy, we do not know how the measured parameters
may influence monarch success.

The lipid content of freshly eclosed monarchs was similar to
previous studies in which monarchs were collected in the field and
reared in the laboratory (Beall 1948, James 1984, Cohen 1985,
Brower et al. 2006, Brower et al. 2015). Lipids ranged from 2 to
50 mg across treatments; importantly, differences in dry adult mass
do not entirely explain the differences in lipid content (Table 1). Like
Cookman et al. (1984), we observed differences in lipid concentra-
tion among larvae reared on different host plants. Our results suggest
that A. exaltata, A. incarnata, and A. syriaca may be more lipid-rich
food sources for monarch larvae, and that other milkweeds, such
as A. hirtella, may not be as good a food source for lipid content
(Table 1, Fig. 3). Alternatively, monarchs may be able to process tox-
ins from A. exaltata, A. incarnata, and A. syriaca more effectively,
leading to higher lipid storage (Roeske et al. 1976). Lipid content is
only one potential indictor of host plant quality for monarch larvae;
larvae that fed on A. tuberosa eclosed with lower lipid stores than
larvae that fed on other milkweeds (Fig. 3), but more larvae survived
on A. tuberosa than any other milkweed in this experiment (Figs. 1
and 2D). Although lipid stores are an important energy source for
monarchs (Brower 2006), we do not know how these differences
may affect breeding adults.

Although survivorship was highest on A. exaltata and A. tuber-
osa, monarch habitat should include milkweed species with habitat
needs that best match the potential restoration site. Growing condi-
tions used in this study represent middle ground for the nine species
tested; some species may have grown better in more specialized con-
ditions such as A. incarnata in a moist environment. All nine milk-
weeds favor different habitats. For example, A. syriaca, A. incarnata,
A. tuberosa, and A. verticillata are found across the entirety of Towa,
but A. syriaca and A. verticillata are found in drier locations than
A. incarnata (Woodson 1954, Eilers and Roosa 1994, USDA-NRCS
2017). While A. exaltata had the second highest survival, this species
tends to favor woodland edges and is rare across the state (Woodson
1954, Eilers and Roosa 1994, USDA-NRCS 2017).

Future research should investigate adult female egg load and poten-
tial fecundity for individuals that have fed on different milkweed species
in order to further assess the value of different milkweeds on the land-
scape. These trials should use mature, hardened milkweed plants so that
monarchs encounter both buds and blooms. We acknowledge that our
experiment was conducted under artificial conditions; feeding choices
made by monarchs in the wild may differ from the results presented
here. More information is needed about how monarchs respond to
milkweeds grown in conditions mirroring native habitat and both the
oviposition response and preference of female monarchs for different
milkweed species to gauge their potential value in habitat restoration.
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