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Abstract

Declining snow cover is reshaping ecological communities. Early loss of snow cover initiates changes in key interactions
that mediate herbivore abundance, i.e., top-down and bottom-up effects. In this study, we used a field experiment to test the
effects of host plant water stress and phenology on the multitrophic interactions that determine aphid abundance. The aphid,
Aphis asclepiadis, in our study system colonizes the flowering stalks of the host plant Ligusticum porteri and relies on a
protection mutualism with ants. We added snow and water to replicate host plants and tested for a variety of phenological
and physiological responses to these treatments. Relative to host plants in ambient conditions, both water and snow addition
reduced key signals of water stress (senescence and abscisic acid levels) and increased seed set. While aphid colonies were
generally larger with reduced host plant water stress, the ant—aphid mutualism interacted with plant quality in complex ways.
Without ant tending, we did not detect differences in aphid colony growth with host plant treatment. When tended by ants,
aphid colony growth was greatest on host plants with snow addition. Host plant quality also altered the benefits exchanged
in this mutualism. Ant-tended colonies hosted by plants with snow addition produced honeydew enriched in trehalose,
which may have decreased both ant and natural enemy abundance. Our results suggest that early loss of snow reduces aphid
abundance by creating low-quality, water-stressed host plants, and this effect may be exacerbated by natural enemies and
the costs of ant attendance.
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variety of ecosystems due to climate change, and these
declines are reshaping biological communities (Niittynen
et al. 2018). Changing snow cover alters the bottom-up and
top-down effects that govern herbivore abundance (Penc-
zykowski et al. 2017). From the bottom-up perspective, snow
cover loss reduces soil moisture, initiating water stress in
plants (Harpold 2016), and water stress often determines the
quality of host plants to herbivores (Jamieson et al. 2012).
While moderate water stress can sometimes improve qual-
ity (Hale et al. 2003; Tariq et al. 2012), cross-talk between
drought and defense hormonal pathways may make water-
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stressed plants more resistant to herbivores (Guo et al. 2016;
Nguyen et al. 2016). In addition to initiating water stress,
early snow cover loss advances phenology. This can desyn-
chronize the stages at which plants, herbivores and natural
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enemies interact, which may either decrease and increase
herbivore abundance (Fuchs et al. 2017; Renner and Zoh-
ner 2018; Kharouba and Wolkovich 2020). Overall, such
mismatches have largely been explored in the context of
elevated temperatures rather than snow cover.

In addition to top-down and bottom-up processes, mutu-
alisms also mediate the abundance of many insect herbi-
vores. For example, approximately 40% of aphid species
are tended by ants (Ness et al. 2010), and ant tending can
almost entirely regulate the abundance and distribution of
some aphid species on their host plants (Miiller and Godfray
1999). Ants protect aphids from predators, and aphids sup-
ply ants with honeydew, which is a high (90-95%) carbo-
hydrate, low amino acid excretion derived from host plant
phloem sap (Stadler and Dixon 2005). As described in a
recent review (Blanchard et al. 2019), climate change can
alter many aspects of this mutualism: population dynamics,
behavioral interactions, honeydew production and chemical
communication. These past studies have focused exclusively
on the effects of elevated temperatures and carbon dioxide
concentrations (Blanchard et al. 2019). Snow cover declines
could similarly alter the ant—aphid mutualism. Host plant
water stress reduces aphid abundance (Banfield-Zanin and
Leather 2015), and these small colonies may be unlikely to
recruit ant mutualists (Breton and Addicott 1992a; Sakata
1994, 1999). Water stress can increase the concentration
of amino acids in phloem sap (Hale et al. 2003), possibly

Host plant colonization (N)

increasing attractiveness of resulting aphid honeydew to ant
mutualists (Pringle et al. 2014). Any effects of snow cover
decline on the ant—aphid mutualism remain unexplored.

In this study, we used a field experiment to examine
the effects of snow cover on aphid abundance. Our study
system consists of the aphid herbivore, Aphis asclepiadis,
which colonizes the flowering stalks of the subalpine host
plant, Ligusticum porteri (Fig. 1a). Colonies of this aphid
are dependent upon the protection mutualism with ants. In
a previous experimental study in our system, A. asclepi-
adis colonies without ant protection declined to extinction
(Mooney et al. 2016). Year-to-year variation in colony abun-
dance on host plants is most closely associated with the tim-
ing of snowmelt (Fig. 1b: Robinson et al. 2017). An 8-year
observational study shows that A. asclepiadis colonizes very
few (1%) of host plants in early snowmelt years and many
more host plants (60%) are colonized in late snowmelt years
(Mooney et al. 2019). We hypothesized that early snowmelt
reduces aphid abundance to this extent through multiple
mechanisms (Fig. 2). Firstly, we predicted that early
loss of snow cover will both induce water stress and
advance phenology of host plants, and their combined
effects would reduce the quality of L. porteri as host for
A. asclepiadis aphids. Snowmelt timing is the chief
determinant of year-to-year variation in L. porteri
flowering phenology (Iler etal. 2013). However,
snowmelt timing does not similarly predict when host
plants are colonized by A. asclepiadis (Mooney
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Fig. 1 a Aphid (Aphis asclepiadis) colony on a host plant flowering stalk and b year-to-year variation in colonization of host plant flowering
stalks due to snowmelt timing; reproduced from data collected from 2011 to 2019 with methods described in Mooney et al. (2019)
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Fig.2 Hypothesized mechanisms by which early snowmelt could
reduce aphid abundance: (1) early loss of snow will reduce soil mois-
ture and advance phenology, leading to drought stressed host plants
with earlier flowering, (2) aphid colonies on these plants will have
reduced growth and different honeydew compositions, and (3) ants
may mediate how aphids respond to host plant quality

et al. 2019). In the Rocky Mountains, early loss of snow
cover contributes to drought conditions and early senescence
of vegetation (Harpold 2016; Berkelhammer et al. 2017).
Host plant water stress can reduce aphid colony growth, and
older or senescing tissues present aphids with physical barri-
ers to feeding or phloem sap of lower quality (Pritchard et al.
2007). While some aphids are classified as ‘senescence feed-
ers’, whereby stressed or senescent host plants support larger
colonies (White 2015), A. asclepiadis is instead an example
of a ‘flush feeder’, given its sequential colonization of host
plants during their flowering stages (Addicott 1978, 1981).

We also considered how snowmelt timing would affect
the ant—aphid mutualism, given its importance in determin-
ing the abundance of A. asclepiadis on L. porteri (Mooney
et al. 2016). We hypothesized that honeydew production and
composition by colonies would reflect differences in host
plant quality induced by snowmelt timing. Aphids feeding
on drought stressed host plants commonly have reduced
honeydew production (Hale et al. 2003). Changes in hon-
eydew composition in response to host plant drought stress
are less predictable. Aphids polymerize phloem sap sucrose
as an osmoregulatory mechanism (Pritchard et al. 2007), so
sugar composition in honeydew may differ with host plant
water status. For amino acids, the relationship between
honeydew and plant phloem sap composition is reciprocal
and complex. Aphids excrete a subset of the amino acids
present in phloem sap (Douglas 2006), and aphid feeding
itself can induce changes in amino acid content of phloem
sap (Leroy et al. 2011). Because plant stage affects phloem
sap quality, advanced host plant phenology could also play

arole in honeydew composition (Douglas 1993). For exam-
ple, phloem from young bird cherry (Prunus padus) leaves
provided aphids with more amino acids than older or senes-
cent leaves (Sandstrom 2000). Aphids are highly efficient
at amino acid uptake, so these phloem sap changes are not
always detected in honeydew amino acids (e.g., Quental
et al. 2005). Nevertheless, if honeydew changes translate
to reduced rates of ant attendance, lack of predator protec-
tion could reinforce low aphid abundance in early snowmelt
conditions. Lastly, we hypothesized that mutualism with ants
would mediate how aphid abundance responded to host plant
quality. We predicted lowest aphid abundance on host plants
in early snowmelt conditions without ant protection from
natural enemies. Top-down and bottom-up effects commonly
interact to determine aphid abundance (Mooney et al. 2012).
For example, Stadler et al. (2002) found ant presence to
effectively erase differences in quality between host plant
stages in the obligately myrmecophilous aphid Metopeu-
rum fuscoviride. More broadly, ants frequently mediate how
aphid abundances respond to other global change phenom-
ena (Blanchard et al. 2019).

To test these hypotheses, we experimentally added snow
and water to replicate plots in 2018 following the designs
of similar field manipulations of these factors (Wipf and
Rixen 2010; Dorji et al. 2013; Zhu et al. 2014). The snow-
pack for our study area was less than 60% of the 30-year
(1981-2010) median snow water equivalents (SWE) in 2018
(Natural Resource Conservation Service 2019). Timing of
snow cover loss was correspondingly advanced at our site,
with the date of first bare ground occurring 16 days ear-
lier than the long-term (1974-2019) average. By experi-
mentally adding snow, we created host plants with reduced
water stress relative to ambient conditions. However, snow
addition experiments can also alter flowering phenology
(Wipf and Rixen 2010), which could affect quality for
our inflorescence-feeding aphid species. To assess the role
of water stress relative to effects due to phenology, we
also added water to replicate plots. If host plant water
stress is largely responsible for reduced aphid abundance
in early snowmelt years, then adding water would have
the same impacts on host plant quality and the anti-
aphid mutualism. Alternatively, if host plant phenology
also determined aphid abundance, then we would expect
unique responses when drought stress is relieved.

Materials and methods
Study species and site
We conducted our research near the Rocky Mountain Biolog-

ical Laboratory (RMBL; 39°01'38.77"N, 107°03'10.50"W)
in Gunnison County, Colorado. The host plant Ligusticum

@ Springer



E. Mooney et al.

porteri (Apiaceae) is a perennial forb consisting of dissected
leaves and flowering stalks that emerge from an underground
rhizome (Weber and Wittmann 2001). Flowering stalks have
a terminal umbel with one to many subtending axial umbels
and large leafy bracts. The aphid Aphis asclepiadis colo-
nizes the flowering stalks beginning in late June (Addicott
1981; Lagos-Kutz et al. 2016). A. asclepiadis aphids form a
mutualism with several species of ants, and this mutualism
drives aphid abundance by protecting colonies from preda-
tion (Mooney et al. 2016). Aphid natural enemies in this
system include parasitic chalcid and braconid wasps, adult
mirid bugs, syrphid and chamaemyiid flies, lacewings, and
coccinellid beetles (Kummel et al. 2013; Mooney et al. 2016;
Mound and O’Donnell 2017).

Experimental design

We experimentally altered snow cover and soil moisture in
replicate plots (N=9) of host plants to determine their mul-
titrophic effects on aphid abundance. On April 29, 2018,
we experimentally added snow to three replicate plots
(3 m X 3 m) from drifts at least 15 m away (Supplemental
Fig. 1). We measured the volume of water added as snow by
coring snow addition and untreated plots with a metal cylin-
der (C=0.5 m), melting the snow sampled, and measuring
resulting water. Relative to the untreated plots, we increased
the amount of water on snow addition plots by 107% (Mean
untreated =2587.2 L plot_1 +109.8 S.E., Mean snow addi-
tion=4930.7 L plot~' +250.5 S.E.). By placing a time-lapse
camera in the field, the snow addition plot retained snow
cover for two more days than the untreated plot. In June of
2018, we randomly assigned each of the untreated plots to
either ambient (n=3) or water addition (n=3) treatment.
For plots assigned to water addition, we added 3.5 L of water
every 3 days to water-treated plots (June 9-July 6). After the
start of monsoonal rains, 3.5 L were added once weekly to
supplement rainfall (July 9-July 30). This water addition
amount has successfully elevated soil moisture around sim-
ilarly-sized perennial plants in other experimental studies in
our study area (Gallagher and Campbell 2017). Host plants
in ambient plots received no additional treatment. We meas-
ured soil moisture at three locations surrounding each host
plant using a 20.3 cm TDR probe (FieldScout, Spectrum
Technologies, Aurora, IL USA) on two dates (June 19 and
July 24). These data include all plants (N =92) in all plots.

Responses to snow and water addition

We measured host plant and insect responses to water and
snow addition treatments: emergence of flowering stalks,
flowering phenology, photosystem II efficiency (PE), basal
leaf senescence, foliar abscisic acid (ABA) content and seed
set. We counted the number of flowering stalks per plant in
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each plot until complete emergence in June. For flowering
phenology, we classified the phenological stage of terminal
umbels each week from June 11 through July 3 using a 0-6
scale, where 0 represent umbels enclosed by bracts, 4 is
flowering and 6 represents all petals are dehisced (Robinson
et al. 2017). These data include only plants with flower-
ing stalks (N=83). To determine how host plant treatments
could affect aphid abundance, we counted the numbers of
apterous aphids and alates on the flowering stalks of each
host plant during the weekly censuses of flowering phenol-
ogy. Spontaneous colonization of host plant flowering stalks
by aphids was low: only 18 of 83 host plants with flowering
stalks were colonized, and only 7 of these colonies persisted
for 1 week.

We used a non-destructive meter (EARS mini Plant Pho-
tosynthesis Meter, EARS LTD, Delft NE) to measure pho-
tosystem efficiency of upper bracts on flowering stalks. We
recorded the mean of three replicate measurements taken
from adaxial bract surfaces on June 20 and July 16. We col-
lected one lower bract from each of 48 flowering stalks on
June 29, 2018 and kept these leafy bracts on ice in a cooler
until frozen at — 20 °C for storage. We then analyzed molar
abscisic acid content per mg of leaf fresh weight ((ABA] M
mg FW™!) using the enzyme-linked immunoassay (ELISA)
method outlined in Heschel et al. (2014). On July 28, 2018,
we assessed basal leaf senescence of plants by counting the
proportion of senescent leaves out of the total number of
leaves for the subset of plants (N=77) used in the aphid
assays described below. On August 1, 2018, we collected the
terminal umbels from each of 60 randomly selected plants.
These umbels were placed in paper bags, and seed set was
quantified as the number of seeds per flower, which were
counted under low (2X) magnification.

Effects on the ant-aphid mutualism

Given the low rate of spontaneous colonization, we used
experimentally created aphid colonies to determine (1) the
effects of host plant treatments on benefits exchanged in the
ant—aphid mutualism and (2) how ant presence mediated
aphid responses. To establish these colonies, we added five
field-collected apterous aphids and one alate to each of 77
host plants with flowering stalks on July 12. We did not
include flowering stalks whose terminal umbels were com-
pletely senesced or colonized by aphids at this time. These
aphids were introduced to umbels using a fine-haired brush,
allowing them to walk off the brush and into the umbel.
To exclude flying predators, we enclosed added aphids in
an organza bag during colony establishment. To exclude
ants, we wrapped stems with tape coated in an insect bar-
rier (Tanglefoot, Scott’s Corporation, Marysville, OH). One
colony failed to establish when an adult lygus was accidently
enclosed in the bag, reducing the total sample size (N=76).
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On July 14, we removed organza bags from all colonies.
From a randomly selected half of the colonies (n=38), we
removed insect barriers, allowing ants to access colonies.
This created a factorial combination of ant tending and host
plant treatment, which allowed us to determine how ant pres-
ence mediated the effects of host plant treatment on aphid
colony growth. Ants accessed one colony in the ant exclu-
sion treatment using adjacent flowering stalks, and hence-
forth we considered this colony as ant tended. We counted
the number of apterous aphids, alates, tending ants and other
insects every 4 days until July 26.

To test for differences in trophic benefits to ants, we
compared deposition and composition of honeydew col-
lected from the experimental aphid colonies. On July 30, we
placed aluminum foil squares (100 cm?) below extant colo-
nies (N=50) and left them for 24 h. During this time, we
excluded ants from all colonies using the barrier described
above. Upon collection, we placed the foils in individual
plastic bags and kept them in a cooler until frozen in the
laboratory. We measured honeydew deposition by counting
the number of droplets under a stereo dissection scope (EZ4
HD with LED, Leica Microsystems) with an image-analysis
program (ImagelJ, National Institutes of Health, Washing-
ton, DC). We divided the foils into fourths, removed the
honeydew from one section using ultrapure water, and then
analyzed the composition of extracts using high performance
liquid chromatography tandem mass spectrometry (LC-MS/
MS). We quantified the concentrations of six sugars (fruc-
tose, glucose, sucrose, trehalose, melezitose and raffinose)
and five amino acids (glutamic acid, glutamine, aspartic
acid, serine and asparagine), which are common components
of honeydew (Fischer et al. 2002; Byrne et al. 2003; Pringle
et al. 2014). Details of instrumentation and analytical meth-
ods are described in Mooney et al. (2019).

Data analysis

We used a repeated measures approach to test for differ-
ences among treatments (ambient, snow addition and water
addition) in plant responses measured on more than one
date: soil moisture, flowering phenology, and photosystem
II efficiency. The mixed effects model included the fixed
effects of host plant treatment (ambient, snow addition and
water addition) and day of year while accounting for both
plant and plot as random effects. We created models and per-
formed significance testing (Type-III ANOVA with Satter-
thwaite’s method) using the ImerTest package (Kuznetsova
et al. 2017). For significant (p < 0.05) host plant treatment-
by-date interactions, we performed post hoc slope contrasts
using the ‘emtrends()’ function from the emmeans package
(Lenth 2019).

For host plant responses with a single measurement (basal
leaf senescence, foliar ABA concentration, and seed set),
we created mixed effects models that included fixed effects
of treatment (ambient, snow addition and water addition)
and random effects of plot. For the analysis of foliar ABA
concentration, an outlier analysis revealed three data points
were far outside the range of measurement values; these
data points were removed from the data set prior to analy-
sis. We created models and performed significance testing
using ImerTest as described above. For significant (p <0.05)
host plant treatment effects, we performed post hoc testing
with p-value adjustment for multiple comparisons using the
‘emmeans()’ function (Lenth 2019).

We determined how host plant treatment (ambient, snow
addition, and water addition) influenced the likelihood of
spontaneous aphid colonization (Y/N) using a general lin-
ear mixed effect model (Qian 2017). We created the model
using binomially-distributed errors in the ‘glmer()’ function
of the ImerTest package (Kuznetsova et al. 2017). Model
terms included the fixed effect of host plant treatment, the
random effect of plot and the number of flowering stalks
as a covariate, given that plants with more flowering stalks
would have a greater likelihood of colonization (Breton and
Addicott 1992b). We performed significance testing using
the ‘Anova()’ function from the car package (Fox and Weis-
berg 2019).

To test for host plant treatment effects on the ant—aphid
mutualism, our analysis approach varied among responses.
We again used repeated measures analysis to determine how
increases in colony size over time varied with host plant
treatment (ambient, snow addition and water addition) and
ant presence (Y/N) as explanatory variables. In the subset of
colonies with ants, we tested for differences in ant recruit-
ment using analysis of covariance. These models included
aphid colony size as a covariate and plot as a random effect.
Significant aphid colony size-by-host plant treatment inter-
actions indicate difference in ant recruitment to colonies
among treatments (Mooney and Agrawal 2008). For count
variables, we used the ‘glmer()’ function to specify Pois-
son-distributed errors when testing for differences in aphid
colony growth (Qian 2017). We checked for overdispersion
of these count data using the ‘dispersion_glmer’ function
from the blmeco package (Korner-Nievergelt et al. 2015).
When found (> 1.4), we added an observation-level random
effect (Harrison 2014). Significance testing was performed
using the ‘Anova()’ function from the car package (Fox and
Weisberg 2019). We also tested how host plant treatment and
ant presence affected the total number of natural enemies
observed on the experimental colonies. Most of the experi-
mental colonies had no observed natural enemies (n=43).
Therefore, we used a zero-inflated model to determine how
total natural enemy abundance varied with host plant treat-
ment and ant presence (Zeileis et al. 2008; Jackman 2017).
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We tested how the total number of honeydew droplets
deposited on foils in 24 h varied with host plant treatment
and ant presence. Given the overdispersion of these count
data, we created a negative binomial model using the ‘neg.
bin()’ function from the MASS package (Venables and Rip-
ley 2002). The model included aphid colony size as a covari-
ate plus host plant treatment and ant presence as explana-
tory variables. Multiple analysis of variance (MANOVA)
was used to analyze variation among treatments in the sug-
ars and amino acid composition of honeydew extracts. To
account for variation in the amount of honeydew on each
foil, we divided the concentration of each sugar and amino
acid by the number of honeydew droplets extracted. We
created the model using the ‘manova()’ function in R, and
then performed univariate tests for individual sugar and
amino acid responses using the ‘summary.aov()’ function.
The MANOVA model included host plant treatment and ant
presence as explanatory variables. We also included aphid
colony size at the time of collection as covariate, given that
aphid density itself may induce changes in phloem sap com-
position (Hodge et al. 2013). Prior to analysis, we checked
for multivariate normality of the response variables using
the Shapiro—Wilk test, which we performed using the ‘msha-
piro.test()’ function from the mvtnorm package (Genz et al.
2019). When we failed to support multivariate normal dis-
tribution (p <0.05), the data were natural log transformed.
We performed all of the above analyses in R (R Foundation
for Statistical Computing 2020).

Results
Responses to snow and water addition

Addition of water or snow significantly increased soil
moisture (Fig. 3) but did not affect flowering phenology of
host plants. Soil moisture declined over the measurement
period, but this was largely consistent among treatments,
as indicated by non-significant host plant treatment-by-date
interaction (Table 1a). Overall, water addition increased
mean soil moisture by 44% relative to ambient condi-
tions (t-value=2.851, p=0.005). Snow addition increased
mean soil moisture by 19% relative to ambient conditions,
although this contrast was not significant when June and July
values were considered together (z-value =0.576, p =0.566).
Our index tracked flowering phenology from June through
July (Fig. 4), with most flowering stalks reaching full flower-
ing by July 3 (DOY: 184) regardless of treatment. However,
neither the main effect of host plant treatment on flowering
phenology or the treatment-by-date interaction were signifi-
cant (Table 1b). As with flowering phenology, we detected
changes over time in photosystem II efficiency (F,/F,,), but
no effects of host plant treatment were apparent (Table 1c).
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Fig.3 Volumetric water content (%) of soil around host plants as
measured by a TDR probe on two measurement dates during the field
experiment; boxplots depict medians, interquartile ranges, and outli-
ers. Letters indicate results of post hoc contrasts of means; different
letters above boxplots indicate significance differences (p <0.05) after
Tukey correction for multiple comparisons

Similarly, the likelihood of spontaneous aphid colonization
did not vary with host plant treatment (Table 2a).

Basal leaf senescence, foliar abscisic acid concentra-
tion and seed set all indicated effects of host plant treat-
ment (Fig. 5). Under ambient conditions, host plants showed
greater senescence of basal leaves in July than when snow
or water were added (F57,=18.567, p<0.001). Post
hoc contrasts revealed that, host plants with water addi-
tion had a 79% lower proportion of senesced basal leaves
(t-value=— 3.786, p=0.020) and host plants with snow
addition had a 66% lower proportion of senesced basal
leaves (z-value=— 3.259, p=0.041) relative to ambient con-
ditions. Water and snow addition treatments resulted in simi-
lar levels of basal leaf senescence (p >0.05). We observed a
trend (p <0.10) for foliar abscisic acid (ABA) concentration
to vary among host plant treatments (F, ¢ =4.565, p=0.062).
ABA was higher in the bracts of ambient host plants relative
to those with water (¢-value =— 2.656, p=0.039) or snow
addition (z-value=— 2.574, p=0.041). However, foliar ABA
was similarly low between host plants that received either
water or snow addition (p > 0.05). Seed set significantly dif-
fered among host plant treatments (F, 5s=3.993, p=0.024).
Relative to ambient conditions, snow addition increased seed
set of host plants by 171% and water addition increased seed
set by 150%.

Effects on the ant-aphid mutualism

Ant presence modified how aphid colony growth responded
to host plant treatment, i.e., we observed a significant
ant presence-by-host plant treatment-by-date interaction
(Table 2b). When ants were present, differences in growth
of colonies over time appeared. Post hoc contrasts of slopes
showed that colonies on ambient host plants grew less over
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Table 1 Statistical results from general linear mixed effects models for changes in soil moisture, flowering phenology, and photosystem 1II effi-

ciency in response to host plant treatments

Model term a. Soil moisture (VWC%) b. Flowering phenology c. Photosystem II efficiency
Treatment F,g1=4.482,p=0.014 F,547,=0.368, p=0.692 F, 6o=1.177,p=0.314
Date F77=164.294, p<0.001 F049=2112.719, p<0.001 F 66=47.087, p<0.001

Treatment X date F,717,=2.270,p=0.110

F,49=0.391, p=0.677 F, ¢6=1.013, p=0.369

Ambient

Water+

Snow+

Flowering phenology (Score: 0-6)

160 170 180 160 170 180 160 170 180
Day of year

Fig.4 Flowering phenology scores for host plant flowering stalks
observed from June through July; horizontal dashed line shows flow-
ering stage 4, which corresponds to full anthesis. Points are jittered to
make individual observations visible

time than colonies on snow (slope difference: — 0.0745;
z-ratio=— 2.448, p=0.038) or water addition (slope differ-
ence=— 0.1492; z-ratio=— 4.911, p<0.001) host plants.
Colony growth over time was also lower on host plants with
water addition than those with snow addition (slope differ-
ence: — 0.0746; z-ratio=— 2.465, p=0.037). When ants
were absent, no post hoc contrasts of slopes were statisti-
cally significant (p <0.05). However, there was a trend for
growth to be lower on host plants in ambient conditions rela-
tive those with water addition (slope difference: — 0.0654;
z-ratio=— 2.197, p=0.072). Colonies on ambient host
plants and those with snow addition had statistically simi-
lar growth (slope difference: — 0.0250; z-ratio=— 0.848,
p=0.673). Likewise, growth of colonies on snow and water
addition host plants did not differ (slope difference: 0.040;
z-ratio=0.029, p =0.345) (Fig. 6).

Overall, we counted 320 ants tending experimental aphid
colonies, with the majority (69.6%) of individuals being Tap-
inoma sessile and the remainder being equally comprised of
Formica fusca and Formica podzolica. As expected, the num-
ber of ants tending experimental colonies increased with aphid
colony size (Table 2¢). However, we found a trend (p <0.10)
for host plant treatment to affect the total number of ants tend-
ing colonies. Colonies on ambient host plants tended to recruit

more ants than colonies on host plants with either water or
snow addition (Fig. 7). Host plant treatment also affected the
numbers of natural enemies counted during colony growth
(Fig. 8). We counted 49 aphid natural enemies in total, and
nearly half of these (n=24) were adult mirid bugs. The
remainder of natural enemies observed consisted of coccinel-
lid beetle larvae and adults (n=14), braconid wasps (n=_8),
chamaemyiid flies (n =2) and one lacewing. Relative to ambi-
ent host plants, colonies on host plants with snow addition
tended to have more instances where we observed zero natural
enemies (z-value=— 1.687, p=0.092). When natural enemies
did occur, colonies on snow addition host plants had 40%
fewer than on ambient host plants (z-value=1.980, p=0.048).
No other terms from the either the zero-hurdle model or the
count model indicate significant effects of either host plant
treatment or ants on natural enemy abundance.

The overall amount of honeydew droplets produced by
colonies was not affected by host plant treatment or ant pres-
ence. Deposition of honeydew droplets on collection foils
tended to increase with aphid colony size (Table 2d), but
neither host plant treatment nor ant presence influenced this
(p>0.05). We observed changes in the sugar and amino acid
composition of honeydew droplets due to both host plant
treatment and ant presence (Supplemental Table 1). Con-
centrations of the sugars in honeydew droplets generally
increased with aphid colony size. However, for the trisac-
charide sugars melezitose and raffinose, this increase in con-
centration with colony size only occurred with ant tending.
The disaccharide sugar trehalose also tended to increase with
ant tending, but this increase only occurred on host plants
with snow addition (Fig. 9). A significant three-way interac-
tion (Aphids X host plant treatment X ant presence) suggests
changes in overall amino acid composition. However, a lack
of statistically significant effects for any individual amino
acid concentration makes this result difficult to parse.

Discussion

Early loss of snow cover is altering ecological communities,
and in our study system, aphid colony abundance is reduced
by half when snowmelt occurs just 10 days earlier in spring
(Robinson et al. 2017; Mooney et al. 2019). This experiment
tested the hypothesis that early loss of snow cover reduces
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Table 2 Statistical results for models related to aphid colonization and experimental aphid colonies: likelihood ratio 4 test statistics and p-values
obtained from type-III Wald tests

a. Spontaneous aphid coloniza- b. Experimental aphid colony growth  c. Ant recruitment d. Honeydew deposition
tion
Model term ANOVA Model term ANOVA Model term  ANOVA Model term ANOVA
results results results results
Treatment =2.157, Treatment 7 =1.393, Treatment 7 =4.630, Treatment =1218,
df=2, df=2, df=2, df=2,
p=0.340 p=0.498 p=0.099 p=0.544
Flowering stalks y*=0.578,  Ants =0.222, Aphid colony *=11.483,  Aphid colony size 1 =17.846
df=1, df=1, size df=1, df=1,
p=0.447 p=0.637 p<0.001 p<0.001
Flowerings £=1703, Date 1 =1157.357, Treat- £=2962,  Ants £ =0.581,
stalks X treat- df=2, df=1, ment X col- df=2, df=1,
ment p=0.427 p<0.001 ony size p=0.227 p=0.446
Treatment X ants 7 =2.051, Treatment X aphids 7=1.930,
df=1, df=2,
p=0.359 p=0.381
Treatment X date 1 =24.122, Treatment X ants 7 =3.868,
df=2, df=142,
p<0.001 p=0.145
Ants X date 7 =14.685, Aphids X ants 7 =0.257,
df=1, df=2,40,
p<0.001 p=0.223
Treat- 7=10.867, Treat- 1 =1244,
ment X date X ants df=2, ment X aphids X ants df=12,38,
p=0.004 p=0.537
a b a c
1007 0.20- ’
0.0015+ '
- —— L
0751 4 _~ 0.15
o g 0.0010 g
e T Q
2 o 5
» 0.50 1 € 2 0101
2 b = »
11} . ~ ©
» s bt
<€ 0.0005 - 0
0.251 b 0.05 -
-
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.
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Fig. 5 Responses of host plants to experimental treatments: a propor- tile range and outliers. Letters indicate results of post hoc contrasts
tion of senescent basal leaves in July, b foliar abscisic acid content, of means; different letters above boxplots indicate significance differ-
and ¢ seeds produced per flower; boxplots depict median, interquar- ences (p <0.05) after Tukey correction for multiple comparisons
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Fig. 6 Growth of aphid colonies

with and without ant tending
on host plants in each treat-
ment (ambient, water addition 300
and snow addition); points
are jittered to make individual
observations visible. Curves 200+
depict general linear models
with Poisson-distributed errors
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host plant quality by accelerating phenology and inducing
water stress. In addition, we predicted that the ant—aphid
mutualism would mediate responses of aphids to host plant
quality. Our experimental design allowed us to assess the
relative impacts of these mechanisms. Adding snow or water
similarly reduced water stress in host plants. However, ant
presence mediated how aphid colony growth responded to
host plant water stress. When tended by ants, experimental
aphid colonies grew significantly less on water-stressed host
plants. Without ant tending, these colonies grew at similar
rates regardless of host plant treatment. Overall, we detected
very few plant or insect responses to snow addition that were
unique from water addition, suggesting water stress plays a
large role in reducing host plant quality.

Host plant drought stress responses reinforce the critical
role of snow in providing soil moisture in our subalpine sys-
tem. In 2017-2018, El Nifio—Southern Oscillation (ENSO)
conditions brought low snowpack to Colorado (Thakur et al.

204 208 196 200 204 208
Day of year

2020), and weaker-than-average monsoonal precipitation
then reinforced dry conditions (CSU: Colorado Climate
Center 2019). Plants in these ambient conditions showed
accelerated basal leaf senescence and elevated ABA concen-
trations, both of which indicate water stress (Heschel et al.
2014). These responses are also related: ABA is an enhancer
of leaf senescence, and senescing leaves have increased lev-
els of ABA (Zhang and Zhou 2013). Adding snow in April
effectively reduced these key signals of water stress. Later
season water addition had identical effects on these host
plant responses. However, snow addition did not impact
flowering phenology of host plants. While other snow addi-
tion experiments have achieved delayed flowering phenology
(Wipf and Rixen 2010), an unusually warm spring likely
accelerated snow loss and eroded any difference between
treatments. Mean maximum temperature in Crested Butte
was 4 °C above the long-term mean maximum tempera-
tures for this area in June (CSU: Colorado Climate Center
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Fig.7 Effects of host plant treatment on the total number of ants
observed tending experimental aphid colonies. Letters indicate results
of post hoc contrasts of means; different letters above boxplots indi-
cate a trend (p <0.10) for differences after Tukey correction for mul-
tiple comparisons
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Fig.8 Histogram of the numbers of experimental aphid colonies with
zero through four natural enemies counted during the 12-day growth
period

2019). The lack of an impact of our snow addition treatment
on flowering phenology is one important limitation of our
results. The timing of snowmelt drives L. porteri flowering
phenology (Iler et al. 2013), and the phenology of flowering
stalks could have a much larger impact on aphids or their
interactions with other insects than our current study can
address. Snow and water addition did impact phenology in
a broader sense, given that senescence and seed set are also
partly phenological responses. Our results suggest drought
stress advances senescence and reduces seed set for L. por-
teri. In other species, these end-of-season processes are sim-
ilarly mediated by snow cover (Wipf and Rixen 2010). For
example, Dorji et al. (2020) found low snow years to limit
soil moisture and shorten the length of flowering in alpine
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Fig.9 Concentrations of trehalose in aphid honeydew droplets as
determined by HILIC LC MS/MS. p-values indicate results of post
hoc contrasts of means after Tukey correction for multiple compari-
sons

Potentilla species. A similar response occurs in Arctic spe-
cies as well: earlier snow cover loss leads to an earlier peak
rather than extending periods of flowering or growth (Rumpf
et al. 2014). Such effects have implications for plant fitness
and consumers who rely on seasonal availability of seeds.
Growth of experimental aphid colonies demonstrated dif-
ferences in host plant quality. Host plants under ambient
conditions supported colonies that grew more slowly over
time than those on snow or water addition host plants. Water
stress has several effects on host plants that limit their abil-
ity to support aphid colonies (Pritchard et al. 2007). While
“senescence feeders” can take advantage of seasonal nutrient
redistribution (White 2015), studies have long demonstrated
that plants senescing under dry conditions are low-quality
hosts for aphids (Kennedy 1958). More recent studies have
highlighted phytohormonal mechanisms for this pattern,
specifically how abscisic acid induced by water stress regu-
lates responses to aphid attack (Goggin 2007). How ABA
interacts with induced defense is species specific, but “cross-
talk” can occur whereby ABA upregulates defense pathway
components (Morkunas et al. 2011). At a more immediate
level, drought may impair the movement of phloem sap,
although empirical studies of this effect remain surpris-
ingly rare (Sevanto 2014). Any loss of pressure in the sieve
tube elements would impede the ability of aphids to uptake
phloem sap (Pritchard et al. 2007). Changes in phloem sap
composition may have occurred as well. Senescing basal
leaves indicate less photosynthate available for flowering
stalks, where the experimental A. asclepiadis colonies
exclusively occurred. Overall decreases in the photosystem
II efficiency of bracts show seasonal changes in flowering
stalks as well. We detected lower seed set for host plants
in ambient conditions. Plants increase transport of sugar
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and amino acids during seed filling (Lohaus and Moellers
2000; Corbesier et al. 2001). Colonies on flowering stalks
setting seed—i.e., those of host plants with added snow or
water—would likely benefit from higher quality phloem sap.
We lack data to differentiate among these mechanisms for
lowered host plant quality. Future experiments should assay
changes in both defensive chemistry and phloem sap com-
position of L. porteri with host plant drought stress.

The ant—-aphid mutualism interacted with differences
among host plants in complex ways. Ant presence modi-
fied how aphids responded to host plant treatment, and host
plant treatment altered the benefits exchanged in this mutual-
ism. When tending ants were present, aphid colony growth
reflected differences in host plant quality: greater growth
occurred on snow addition host plants relative to those with
water addition or in ambient conditions. In the absence of
ants, colonies grew at largely similar rates regardless of host
plant treatment. Surprisingly, experimental aphid colonies
also grew at overall higher rates when not tended by ants.
In previous field experiments in this system, we have not
observed negative effects of ant attendance on aphid colony
growth (Mooney et al. 2016, 2019; Robinson et al. 2017).
However, in an experimental study near our study site, Petry
et al. (2012) also found negative effects of ant attendance
on colony growth of Aphis valerianae, which the authors
attributed to the costs of ant attendance. Examples of such
costs include decreases in per capita fecundity, increases
in honeydew excretion and changes in honeydew composi-
tion induced by ant attendance (Stadler and Dixon 1998;
Yao 2014). Although our data cannot address changes in
fecundity, we have evidence that ant attendance changed
honeydew composition without changing overall deposi-
tion amounts. Specifically, ant-tended aphid colonies pro-
duced honeydew enriched in the trisaccharides melezitose
and raffinose, both key stimulants to ant feeding that are
synthesized in the aphid gut from phloem sap (V6lkl et al.
1999; Detrain et al. 2010). Melezitose production comes
at a cost to aphid fitness, as demonstrated by differences
in colony growth rates and alate production between Aphis
fabae clones that vary in melezitose production (Vantaux
et al. 2015). Costs of ant attendance are likely to vary over
time (Yao 2014), so we might expect results from this study
year to vary from previous field experiments in our system.
This experiment should be repeated across many years to
determine the consistency of ant effects. However, one key
caveat is the difficulty of meaningfully replicating snow
manipulation across years, which tend to vary dramatically
in snow cover. Besides these ant-induced costs, an alterna-
tive explanation is that barriers to ants also excluded stem-
foraging predators. We have no evidence that natural enemy
abundance varied with ant exclusion treatment. However,
counts of natural enemies were made during the day, which
would miss night-foraging predators such as carabid beetles

(Losey and Denno 1998). Future studies should include
observations of colonies at night to determine the influence
of these predators in our system.

Host plant responses were largely identical between the
snow and water addition treatments, but we did see unique
insect responses to snow addition. Relative to colonies on
other host plants, aphid colonies on host plants with snow
addition showed greater growth and elevated levels of treha-
lose in honeydew when tended by ants. These responses may
be related. Trehalose is a common constituent of ant-tended
aphid honeydew (Yao and Akimoto 2001; Fischer and Shin-
gleton 2001), and high-density aphid colonies induce pro-
duction of this disaccharide in Arabidopsis leaves (Hodge
et al. 2013). However, ant foragers are largely unresponsive
to trehalose (VOIkI et al. 1999; Boevé and Wackers 2003;
Detrain et al. 2010), as ants do not recognize trehalose as
a sugar source (Fischer and Shingleton 2001). Given that
ants reduced colony growth overall, producing a sugar that
was not stimulating to ants could benefit colony growth. In
this way, a ‘feedback loop’ may be initiated whereby large
colonies on snow addition host plants induced changes in
trehalose concentration, which then further enhances col-
ony growth by keeping ant abundance low. What underlying
mechanism that would allow this process to occur for colo-
nies on snow addition host plants—but not on host plants in
ambient conditions or with water addition—is beyond what
can be addressed with our results. Follow up studies should
both assess sugar levels within host plants and test for effects
of specific sugars on ant behavior.

Conclusions

Our experimental results provide insights for larger pattern
seen in our long-term monitoring, i.e., very few L. porteri
flowering stalks host aphid colonies in early snowmelt years.
In such years, A. asclepiadis would encounter low-quality
host plants that senesce early and fail to set seed. Colony
growth would be slowed further with the costs associated
with mutualism with ants or increased abundance of natural
enemies. Colonies could rapidly decline to extinction under
these conditions, reducing migrants that might otherwise
establish new colonies. At a larger scale than our system,
Rocky Mountain plant communities show this same pat-
tern of accelerated senescence when winter precipitation is
reduced (Berkelhammer et al. 2017). Given our results, we
would expect similar declines for other ‘flush feeder’ aphid
species on different host plants. Reduced aphid abundance
has community-wide implications given their roles as com-
petitors, prey, and herbivores (Kearns 1992; Eubanks and
Styrsky 2006; Ando et al. 2017). Early predictions fore-
casted outbreaks in a broad range of herbivorous insects as
the climate changes (e.g., Bale et al. 2002). Our results add
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to an increasing collection of studies showing a much more
complex response, including declines in a variety of insects
driven by changes in multitrophic interactions (Boggs 2016;
Leather 2018).
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