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A M E R I C A N  J O U R N A L  O F  B O T A N Y

R E S E A R C H  A R T I C L E

                    Th e ecological eff ects of plant inter- and intraspecifi c diversity in 
both managed and natural systems are well documented (reviewed 
by  Hooper et al., 2005 ;  Hughes et al., 2008 ). Previous studies have 
found that an increase in both types of plant diversity leads to 
greater primary productivity ( Tilman et al., 1996 ;  Crutsinger et al., 

2006 ;  Moreira et al., 2012 ), greater stability in functional processes 
( Naeem et al., 1994 ;  Tilman et al., 2006 ), as well as greater abun-
dance and diversity of consumers ( Siemann, 1998 ;  Haddad et al., 
2009 ;  Scherber et al., 2010 ;  Cook-Patton et al., 2011 ). Plant diversity 
thus plays a fundamental role in maintaining ecosystem function as 
well as sustaining diversity at higher trophic levels ( Castagneyrol 
and Jactel, 2012 ;  Moreira et al., 2016a ), and is a key feature to 
consider for ecosystem management and conservation purposes 
( Parker et al., 2010 ;  Cook-Patton et al., 2011 ). 

 Although most of the initial work centered on evaluating the ef-
fects of plant species diversity ( Hooper et al., 2005 ), over the last 
decade there has been growing interest in the eff ects of plant intra-
specifi c diversity on ecosystem function and associated consumer 
communities ( Hughes et al., 2008 ). Studies have shown positive ef-
fects of plant intraspecifi c diversity on arthropod diversity and 
abundance ( Crutsinger et al., 2006 ;  Moreira and Mooney, 2013 ), as 
well as eff ects on consumptive interactions such as herbivory and 
predation ( Parker et al., 2010 ;  McArt and Th aler, 2013 ;  Abdala-
Roberts and Mooney, 2014 ). Such effects have been attributed 
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  PREMISE OF STUDY:  Although there is increasing recognition of the eff ects of plant intraspecifi c diversity on consumers, the mechanisms by which such 

eff ects cascade-up to higher trophic levels remain elusive. 

  METHODS:  We evaluated the eff ects of plant (lima bean,  Phaseolus lunatus ) intraspecifi c diversity on a suite of insect herbivores (leaf-chewers, aphids, and 

seed-eating beetles) and their third trophic-level associates (parasitoids and aphid-tending ants). We established plots of three plants, classifi ed as mono-

cultures of one population source or polycultures with mixtures of three of the four population sources (N = 16 plots per level of diversity). Within each 

plot, plants were individually placed in pots and canopy contact was prevented, therefore eliminating diversity eff ects on consumers arising from changes 

in plant traits due to plant physical interactions. 

  KEY RESULTS:  Plant diversity reduced damage by leaf-chewers as well as aphid abundance, and the latter eff ect in turn reduced ant abundance. In contrast, 

plant diversity increased the abundance of seed-eating beetles, but did not infl uence their associated parasitoids. There were no eff ects of diversity on 

seed traits potentially associated with seed predation, suggesting that diff erences in early season herbivory between monocultures and polycultures (a 

likely mechanism of diversity eff ects on plants since plant interactions were prevented) did not drive concomitant changes in plant traits. 

  CONCLUSIONS:  This study emphasizes that eff ects of plant intraspecifi c diversity on consumers are contingent upon diff erences in associate responses 

within and among higher trophic levels and suggests possible mechanisms by which such eff ects propagate up this food web. 
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mainly to increases in plant growth due to plant-plant interactions 
(e.g.,  Crutsinger et al., 2006 ;  Cook-Patton et al., 2011 ) or greater 
habitat heterogeneity infl uencing consumer foraging (see  Agrawal 
et al., 2006 ;  Hambäck et al., 2014 ). Nonetheless, to date most stud-
ies have not tested these diff erent pathways, e.g., explicitly testing 
for eff ects of diversity on herbivores or predators via diff erences in 
plant biomass or herbivore abundance, respectively (i.e., density-
mediated eff ects; see  Abdala-Roberts and Mooney, 2014 ). As a con-
sequence, we still lack a good understanding of plant diversity 
eff ects on consumer recruitment and abundance and how such ef-
fects scale-up to infl uence associated communities ( Mooney and 
Singer, 2012 ;  Staab et al., 2015 ). 

 Another important consideration is that, while research on plant 
functional diversity has gained substantial insight on the traits un-
derlying eff ects of plant interspecifi c diversity ( Hooper et al., 2005 ), 
few studies have assessed the plant traits responsible for plant intra-
specifi c diversity eff ects on consumers ( Moreira et al., 2016a ). In-
deed, the few studies conducted thus far have found that plant 
intraspecifi c diversity eff ects are mediated by specifi c plant traits 
( Hughes, 2014 ;  Moritz et al., 2016 ), hence the importance of iden-
tifying such traits and evaluating their eff ects on consumers to 
achieve predictive understanding of these dynamics. Similarly, it is 
also well recognized that plant species diversity eff ects on higher 
trophic levels are contingent upon consumer traits ( Bommarco and 
Banks, 2003 ;  Plath et al., 2012 ). For example, dietary specialist her-
bivores are restricted to feeding on a particular plant species or 
genotype and should thus be negatively infl uenced by reductions in 
density of preferred species with increasing diversity (i.e., limited 
recruitment to high diversity patches which contain a lower density 
of host plants), whereas generalist herbivores in most cases should 
be relatively insensitive to such eff ects as they can switch among 
host plants regardless of such reduction in density of individual 
plant species ( Root, 1973 ;  Jactel and Brockerhoff , 2007 ;  Abdala-
Roberts et al., 2015 ). Nonetheless, few studies have determined 
whether such predictions hold for plant intraspecifi c diversity (but 
see  Castagneyrol et al., 2012 ). 

 Th is study tested the eff ects of plant (lima bean,  Phaseolus luna-
tus  L., Fabaceae) intraspecifi c diversity on insect herbivores and 
their third trophic-level associates, namely on herbivory by dietary 
generalist insect leaf-chewers, abundance of generalist aphids, 
aphid-tending ants, specialist seed-eating beetles, and parasitoids 
attacking the latter. We eliminated diversity eff ects on plant bio-
mass arising from plant-plant interactions by preventing above- 
and belowground physical interactions among neighboring plants, 
and therefore focused on other mechanisms such as habitat hetero-
geneity ( Abdala-Roberts and Mooney, 2014 ). In addition, we mea-
sured plant reproductive traits (e.g., seed output, seed size, fl owering 
phenology) potentially associated with attack by seed predators and 
determined if eff ects of diversity on the third trophic level were me-
diated by changes in herbivore abundance. We predicted a negative 
eff ect of diversity on the specialist seed-eating beetle and a null or 
positive eff ect on generalist leaf-chewers and aphids, and that such 
eff ects would in turn drive concomitant eff ects (in the same direc-
tion as for the herbivores they recruit to) on species located at the 
third-trophic level (i.e., ants and parasitoids). Overall, this study 
builds toward a better understanding of plant diversity eff ects on 
associated faunas by providing an assessment of eff ects on consum-
ers across multiple trophic levels, as well as a detailed inspection of 
the plant traits and mechanisms by which such eff ects cascade up 
through this food web. 

 MATERIALS AND METHODS 

 Natural history —   Lima bean,  Phaseolus lunatus , is a self-compatible 
annual legume distributed along the Pacifi c coast of Mexico to 
South America ( Freytag and Debouck, 2002 ;  Heil, 2004 ;  Delgado-
Salinas et al., 2006 ). At our fi eld site, located 15 km northwest of 
Puerto Escondido, Oaxaca, Mexico (15 ° 55 ′ 27.4”N, 97 ° 09 ′ 03.0”W), 
lima bean germinates during June and July and fl owers at the be-
ginning of October. In addition, seeds are produced during No-
vember and December and disperse in January and February 
( Hernández-Cumplido et al., 2016a ,  b ). Leaves are divided into 
three oval-shaped leafl ets that are arranged alternately on the stem 
( Freytag and Debouck, 2002 ). 

 At our fi eld sites, Lima bean is attacked by several species of 
insect herbivores which feed on this species early in the growing 
season, namely the leaf-chewers  Spodoptera eridania  (Stoll) (Lepi-
doptera: Noctuidae),  Diabrotica balteata  LeConte (Coleoptera: 
Chrysomelidae), and  Cerotoma rufi cornis  Olivier (Coleoptera: 
Chrysomelidae) ( Moreira et al., 2015a ;  Hernández-Cumplido et al., 
2016b ).  Spodoptera eridiana  is a polyphagous moth native to the 
neotropics ( Capinera, 2001 ), whereas  Diabrotica balteata  is a po-
lyphagous beetle distributed from North America to Central Amer-
ica; adults of this latter species can severely defoliate adult and 
young plants ( Teng et al., 1984 ).  Ceratoma rufi cornis  specializes on 
the genus  Phaseolus  and is widely distributed in the neotropics 
( Kogan and Herzog, 1980 ). In addition, lima bean is fed upon by 
the generalist aphid  Aphis gossypii  Glover (Hemiptera: Aphididae) 
which forms colonies near the tips of new shoots, leaves, and fl ower 
buds ( Moreira et al., 2016b ). Aphids are usually tended by workers 
of the ant  Solenopsis geminata  Fabricius (Hymenoptera: Formici-
dae), which feed on the aphid’s honeydew ( Moreira et al., 2016b ; 
 Hernández-Cumplido et al., 2016a ). Th is ant species is found at for-
est edges or on agricultural crops worldwide ( Holway et al., 2002 ) 
and readily attacks nonaphid herbivores on lima bean (X. Moreira, 
personal observation). Finally, mature seeds of lima bean are heav-
ily attacked by species of late-season seed-eating beetles (hereaft er 
“seed predators”) belonging to the genera  Acanthoscelides  and 
 Zabrotes  (Chrysomelidae: Bruchinae) ( Campan and Benrey, 2004 ; 
 Alvarez et al., 2006 ;  Moreira et al., 2015b ;  Hernández-Cumplido 
et al., 2016b ). During this study, lima bean seeds were attacked almost 
exclusively by  Acanthoscelides obtectus  Say (approximately 90%), 
which specializes on the genus  Phaseolus  ( Moreira et al., 2015b ). At 
our fi eld site, this beetle is in turn attacked by  Horismenus  spp. and 
 Stenocorse bruchivora  Crawford parasitic wasps ( Hansson et al., 
2004 ;  Laurin-Lemay et al., 2013 ;  Moreira et al., 2015b ;  Hernández-
Cumplido et al., 2016b ). 

 Th e distinction between chewing and sap-feeding herbivores 
is especially important when assessing plant-mediated eff ects 
among herbivores. Phloem-sucking/piercing herbivores (e.g., 
aphids) commonly induce the salicylic acid defense pathway 
whereas leaf chewing herbivores (e.g., caterpillars and beetles) 
typically induce the jasmonic acid pathway ( Thaler et al., 
2012 ). Accordingly, feeding by one herbivore guild might in-
duce resistance to future attack by the same guild, but might 
increase susceptibility to the other guild due to interference be-
tween plant defense signaling pathways ( Rodriguez-Saona et al., 
2005 ). Having said this, early season herbivory in our system is 
caused by both chewing and sap-feeding species which makes it 
diffi  cult to predict the directionality of eff ects on late season seed 
herbivores. 
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 Experimental set-up and measurements —   In early October 2013, 
we collected seed pods from fi ve to ten wild  Phaseolus lunatus  
plants from each of four populations along the Pacifi c coast of Oax-
aca, Mexico (distance among populations ranged from 50 to 160 km; 
for further details see  Moreira et al., 2016b ), and transported 
them to the laboratory where they were refrigerated. Seeds with 
any type of damage were discarded. Results from one-way general 
linear models indicated that the sampled populations varied sig-
nifi cantly in: (1) reproductive output (pod number: 2-fold,  F  

3,46
  = 

60.24,  P  < 0.0001); (2) growth (leaf production: 1.5-fold,  F   
3,58

  = 
82.66,  P  < 0.0001); (3) seed traits (e.g., protein content g/100 g d.w.: 
1.7-fold,  F   

3,42
  = 3.26,  P  = 0.031); and (4) insect abundance (seed 

predators: 2.4-fold,  F   
3,46

  = 13.63,  P  < 0.0001; aphids:  F   
3,58

  = 63.72, 
 P  < 0.0001). On 15 November 2014, we individually sowed seeds 
in 5-L pots with a mixture of native soil and peat moss. Upon seed-
ling emergence, we kept plants for four weeks in herbivore-free ny-
lon mesh fi eld cages (Outdoor Cage 6’  ×  6’  ×  6’, 20  ×  20 Mesh 
Lumite from Bioquip Products, Rancho Dominguez, California, 
USA) under homogeneous growing conditions. This approach 
was aimed at reducing (though does not entirely eliminate) mater-
nal eff ects ( Abdala-Roberts and Mooney, 2013 ). Aft er four weeks, 
on 15 December 2014, we transferred plants to the experimental 
fi eld site (Universidad del Mar, Puerto Escondido Campus, Oax-
aca, México: 15 ° 55 ′ 26.4”N, 97 ° 09 ′ 02.0”W) and randomly allocated 
them to plots of three plants each. Plots were classifi ed as either 
monocultures of one population source (N = 16, four per popula-
tion) or polycultures composed of mixtures of three out of the four 
populations (N = 16). Population mixtures were composed of ran-
domly selected populations, and each population was present in a 
similar number of polyculture plots (11 or 12). Because we sampled 
diff erent populations rather than genotypes within a population, 
the experiment addressed the eff ects of population-level intraspe-
cifi c diversity on higher trophic levels. Admittedly, growing dif-
ferent populations or genotypes from diff erent populations within 
a single common garden may lead to an overestimation of plant 
intraspecifi c eff ects on consumers ( Tack et al., 2012 ). However, we 
note that  P. lunatus  population variation in vegetative (e.g., leaf 
production) and reproductive (e.g., pod number) traits in this 
study ranged from 1.5 to 2.0 fold, respectively which is only slightly 
greater than the magnitude of variation among genotypes within 
previously sampled wild populations of this species ( Ballhorn et al., 
2011 ). Th erefore, we argue that the magnitude of trait variation 
evaluated in this study is relevant for understanding the ecological 
eff ects of intraspecifi c variation occurring at a local (site-level) scale 
in this species. 

 Within each plot, potted plants were separated by 20 cm and 
their canopies were prevented from touching by tying the main 
stem to a wooden stick planted in the soil; distance between adja-
cent plots was 1.5 m. Th ese methodological features were aimed 
at eliminating belowground and aboveground physical interac-
tions (though not airborne volatile communication) among neigh-
boring plants and thus precluded eff ects of diversity on plant traits 
and biomass due to plant-plant physical interactions ( Abdala-Roberts 
and Mooney, 2014 ). Based on these experimental features and 
considering that previous work has shown strong eff ects of early- 
on late-season herbivores in lima bean ( Hernández-Cumplido et al., 
2016b ), diff erences in early season herbivory represent a possible 
cause for diversity eff ects on plant traits, which in turn are predicted 
to infl uence late-season seed predators (i.e., a diversity-mediated 
indirect eff ect among herbivore guilds). 

 We conducted two surveys of leaf herbivory, aphid abundance, 
and ant abundance: one of each on 28 January 2015 and 11 Febru-
ary 2015 (plants had fl owers and green pods during the latter date). 
Surveys of aphids and ants involved a careful examination of all 
stems and leaves per plant. To estimate leaf herbivory, we counted 
the number of damaged and undamaged leafl ets, and used the pro-
portion of damaged leafl ets for statistical analyses. Th is method 
provided a reliable estimate of the magnitude of herbivory because 
amounts of leaf area lost were fairly consistent (ca. 25%) among 
leafl ets (X. Moreira, personal observation); although this method 
overestimates the actual amount of total leaf area consumed per 
plant, this eff ect was consistent across all plants and thus did not 
introduce a bias in the results. We did not estimate leaf damage 
separately for each leaf chewer species because in many cases it was 
not possible to discriminate damage by each one, particularly be-
tween  Cerotoma rufi cornis  and  Diabrotica balteata . For each plant, 
we also recorded if fl owering initiated during the fi rst or second 
half of February as a measure of fl owering onset, and analyzed the 
proportion of plants fl owering the fi rst half of February per plot. In 
addition, at the end of the growing season (early March 2015), once 
plants started wilting, we harvested all mature bean pods per plant 
every other day until senescence. We shelled the pods, counted the 
number of seeds, and used a subsample of fi ve randomly chosen 
seeds per plant to measure seed size (length, in mm) and quantify 
protein content (g/100 g d.w.). Protein content was quantifi ed us-
ing the Bradford assay ( Bradford, 1976 ) and expressed as g/100 g of 
d.w. (for details see  Hernández-Cumplido et al., 2016b ). Seeds of 
each plant were individually placed in ventilated plastic containers 
and incubated under controlled conditions (26 ° C day temperature, 
14 h daylight, 70% r.h.). We inspected each container daily to re-
cord seed predator and parasitoid emergence. We also recorded the 
number of seed predators and the number seeds attacked by these 
herbivores by visual inspection and used the proportion of attacked 
seeds for statistical analyses. 

 Statistical analyses —   Diversity effects on insect abundance and 
herbivory—  We ran plot-level generalized linear models testing for 
the effects of plant intraspecific diversity (fixed) on leaf herbiv-
ory, abundance of aphids, ants, seed predators, and parasitoids, 
and the proportion of attacked seeds. For leaf herbivory, we per-
formed a repeated-measures model that also included the eff ect of 
survey and the diversity  ×  survey interaction as we found tempo-
ral (between-survey) variation in diversity eff ects (see Results). In 
contrast, for ant and aphid abundance, both of which were also 
surveyed on two diff erent dates, we used mean values across sur-
veys as there was no evidence of temporal variation in diversity ef-
fects in either case (nonsignifi cant diversity  ×  survey interaction: 
 χ  2  

1.30
  = 2.23,  P  = 0.135 and  χ  2  

1.30
  = 1.11,  P  = 0.291, respectively). 

 Diversity eff ects on plant traits and eff ects on late-season seed preda-
tors—  We tested for eff ects of diversity on seed number, seed size 
(mean and CV), seed protein content (g/100 g d.w., mean and CV), 
and fl owering onset (proportion of plants fl owering the fi rst half of 
February). In addition, we reran the model for seed predator abun-
dance (above) including as covariates all the measured plant repro-
ductive traits. If one or more traits strongly mediate the eff ect of 
diversity on herbivores, then an eff ect of diversity on seed predators 
(from the original model not including traits) should turn nonsig-
nifi cant once the trait(s) is(are) accounted for. Alternatively, if the 
eff ect of diversity remains significant after including plant traits 
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this would mean either that these traits do not mediate the diver-
sity eff ect or that they are important to a certain degree but do not 
fully explain such effect. We chose seed size because it is a proxy 
of seed quality for seed predators ( Herrera, 2000 ) and is positively 
correlated with seed predator attack in lima bean ( Hernández-
Cumplido et al., 2016b ) as well as other species of  Phaseolus  
( Benrey et al., 1998 ;  Campan and Benrey, 2006 ;  Zaugg et al., 2013 ; 
 Moreira et al., 2015b ). Similarly, we analyzed diff erences in seed 
protein content (g/100 g d.w.) because this trait is correlated with 
seed quality for seed predators and has also been shown to infl u-
ence seed predator attack in lima bean ( Hernández-Cumplido et al., 
2016b ). In addition, we also analyzed differences in the coeffi-
cient of variation (CV) in seed size and protein content as previous 
work has shown that variability in seed traits can infl uence seed 
predator attack (e.g., CV in seed size;  Shimada et al., 2015 ). We also 
used seed number because it represents a measure of resource 
availability expected to infl uence seed predator recruitment. Fi-
nally, we chose fl owering onset because previous work suggests that 
early season herbivory leads to earlier fl owering in lima bean which 
in turn leads to escape from seed predators ( Hernández-Cumplido 
et al., 2016b ). 

 Mechanisms of diversity eff ects on ants and parasitoids—  To test for 
mechanisms of eff ects on higher trophic levels, whenever the diver-
sity eff ect on ant or parasitoid abundance was signifi cant we ran 
these models again including aphid abundance or seed predator 
abundance as covariates (respectively), as well as the aphid abun-
dance or parasitoid abundance  ×  diversity interaction. If diversity 
eff ects on the third trophic level are mediated by herbivore abun-
dance (i.e., a density-mediated indirect eff ect or “interaction chain”; 
sensu  Wootton, 1994 ), then signifi cant diversity eff ects on ants and 
parasitoids should become nonsignifi cant once aphid or seed pred-
ator abundance are accounted for, respectively. If a diversity eff ect 
remains signifi cant, this suggests eff ects occurring independently 
of diff erences in herbivore abundance (e.g., changes in consumer 
traits infl uencing herbivore-ant or herbivore-parasitoid interac-
tions;  Abdala-Roberts and Mooney, 2013 ). 

 General considerations—  Whenever residuals were not normally 
distributed, we used generalized linear models as a more powerful 
alternative to data transformations ( Bolker et al., 2009 ). Th e only 
exceptions were seed protein content and the proportion of plants 
flowering early, which were normally distributed. For seed size 
and CV of seed size we used a gamma distribution (log link), which 
handles continuous data with different types of nonnormal dis-
tributions ( Zuur et al., 2009 ). For leaf herbivory and seed attack 
(proportions, no evidence of overdispersion) we used a binomial 
distribution (logit link), whereas seed number and aphid abun-
dance were overdispersed so we used a negative binomial distribu-
tion (log link) which accounts for this condition ( Bolker et al., 
2009 ). For seed predator, ant, and parasitoid abundance we used a 
Poisson distribution (log link), as there was no evidence of overdis-
persion. All analyses were conducted with PROC GLIMMIX in 
SAS version 9.2 ( SAS, 2008 ), using plot-level means, and we report 
least-square means and standard errors as descriptive statistics. 

 Test of nonadditivity of diversity eff ects—  Whenever a diversity ef-
fect on insects was signifi cant in the above models, we determined 
if such eff ect was additive, e.g., due to the presence of one or more 
resistant or susceptible genotypes (populations in our case) in 

mixtures (“sampling” eff ect;  Houston, 1997 ), or nonadditive where 
polycultures exhibit higher or lower insect abundance as a conse-
quence of emergent, patch-level properties resulting from interac-
tive eff ects among genotypes ( Johnson et al., 2006 ). Following 
 Johnson et al. (2006) , we calculated lima bean population means for 
each variable at low diversity (i.e., expected values), and compared 
these values to the mean of each population at high diversity (i.e., 
observed values). For each response variable, we compared ob-
served and expected values with a one-way general linear model 
using PROC MIXED in SAS version 9.2. Th ese models also in-
cluded the eff ects of plot (i.e., group of three plants) and population 
nested within plot, making them similar to a paired test comparing 
observed vs. expected values for each population source. A signifi -
cant difference between observed and expected values is neces-
sarily due to nonadditivity as the comparison is performed by 
specifying the monoculture values of each population (i.e., sam-
pling eff ects are accounted for by including population-specifi c ex-
pected values). 

 RESULTS 

 Eff ects of diversity on leaf-chewers and aphids —   We found a sig-
nifi cant negative eff ect of plant diversity on leaf damage ( Table 1 ), 
 where polycultures exhibited a 42% lower proportion of damaged 
leaves (0.11  ±  0.004) relative to monocultures (0.19  ±  0.01) ( Fig. 1A ). 
 Subsidiary analyses indicated that this effect was nonadditive 
( F  

1,46
  = 168.05,  P  < 0.0001). In addition, we found a signifi cant di-

versity  ×  survey date interaction ( Table 1 ) where the effect of 

  TABLE 1.  Eff ects of lima bean ( Phaseolus lunatus ) population-level intraspecifi c 

diversity on herbivory by insect leaf-chewers ( Spodoptera eridiana ,  Diabrotica 

balteata , and  Ceratoma rufi cornis ), abundance of aphids ( Aphis gossypii ), 

abundance of seed predators (mostly  Acanthoscelides obtectus ), abundance 

of parasitoids (several species) attacking seed predators, abundance of 

aphid-tending ants ( Solenopsis geminata ), the proportion of seeds attacked 

by seed predators, plant growth (leaf number), reproductive output (seed 

number), seed size (mm) and protein content (g/100 g d.w.), and fl owering 

onset (proportion of plants that fl owered early).  F - or  χ  2  values (the latter for 

binomial and Poisson models) and P-values (in parenthesis) are shown. The 

herbivory model included the eff ects of survey ( χ  2  
1.30

  = 3.44,  P  = 0.063), and the 

diversity  ×  survey interaction ( χ  2  
1.30

  = 16.38,  P  < 0.0001). In all cases, degrees 

of freedom ranged from 1, 28 to 1, 30. Signifi cant ( P  < 0.05) and marginally 

signifi cant (0.05 <  P  < 0.10) eff ects are in bold and italics, respectively. E = 

early season herbivore, L = late season herbivore. 

 Response variable  Diversity eff ect 

 Herbivores 
Leaf damage (E)  46.26 (<0.001) 
Aphid abundance (E)  4.18 (0.049) 
Seed predator abundance (L)  6.09 (0.013) 
Seed attack (L) 0.07 (0.793)
 Third trophic level 
Ant abundance  3.57 (0.068) 
Parasitoid abundance 0.01 (0.916)
 Plant traits 
Leaf number 0.04 (0.845)
Seed number 0.66 (0.421)
Seed size 1.82 (0.187)
CV seed size 0.93 (0.341)
Seed protein content 0.37 (0.548)
CV seed protein content 1.39 (0.248)
Flowering onset 1.66 (0.208)
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diversity was stronger during the second survey (55% reduction in 
mixtures relative to monoculture, i.e., polyculture = 0.09  ±  0.02, 
monoculture = 0.20  ±  0.009) than during the fi rst survey (28% re-
duction in mixtures: polyculture = 0.13  ±  0.009, monoculture = 
0.18  ±  0.009). Similarly, we also found a signifi cant negative eff ect 
of plant diversity on aphid abundance ( Table 1 ), where polycul-
tures exhibited a 56% lower mean value (11.88  ±  4.13 aphids) rela-
tive to monocultures (27.08  ±  9.67 aphids) ( Fig. 1B ). Th is diversity 
eff ect on aphids was also nonadditive ( F  

1,46
  = 10.19,  P  = 0.003). 

 Diversity eff ects on plant reproductive traits —   Th ere were no sig-
nifi cant eff ects of plant diversity on seed number, seed size, CV of 
seed size, seed protein content, CV of protein content, or fl owering 
onset ( Table 1 ; Appendix S1, see Supplemental Data with the on-
line version of this article). 

 Diversity eff ects on seed predators —   In contrast to leaf-chewers 
and aphids, we found a signifi cant positive eff ect of plant diversity 
on seed predator abundance ( Table 1 ), where polycultures exhib-
ited a 62% greater mean value (4.31  ±  0.51 seed predators) relative 

to monocultures (2.66  ±  0.40 seed predators) ( Fig. 1C ). Further 
analyses indicated that this eff ect was nonadditive ( F  

1,37
  = 9.30,  P  = 

0.004). In addition, the eff ect of diversity on seed predator abun-
dance remained signifi cant aft er accounting for plant traits ( Table 2 ), 
 suggesting that the selected traits did not fully explain diversity ef-
fects on these late-season herbivores. Two of these traits (CV of seed 

  FIGURE 1  Least-square means ( ±  SE) for the eff ects of lima bean ( Phaseolus lunatus ) population-level intraspecifi c diversity on: (A) herbivory by early 

season insect leaf-chewers ( Spodoptera eridiana ,  Diabrotica balteata , and  Ceratoma ruficornis ); (B) abundance of early season aphids ( Aphis gos-

sypii ); (C) abundance of late-season seed predators ( Acanthoscelides obtectus ); and (D) the proportion of seeds attacked by seed predators. * P  < 0.05, 

*** P  < 0.0001.   

  TABLE 2.  Eff ects of lima bean ( Phaseolus lunatus ) population-level intraspecifi c 

diversity on the abundance of the late-season seed-eating beetle  Acanthoscelides 

obtectus.  The model used a Poisson distribution with log link function. 

Shown are  χ  2  values for the eff ect of diversity as well as plant traits included 

as covariates. Signifi cant eff ects ( P  < 0.05) are in bold. Signs in parentheses 

indicate direction of eff ect of plant trait on seed predator abundance. 

 Predictor  DF   χ  2   P-value 

Diversity 1,21 9.71  0.002 
Seed size (-) 1,21 0.69 0.405
CV seed size (-) 1,21 6.26  0.012 
Seed protein content (-) 1,21 0.15 0.694
CV seed proteins (-) 1,21 0.15 0.700
Flowering onset (+) 1,21 21.77  <0.0001 
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size and fl owering onset) were nonetheless signifi cantly associated 
with seed predator abundance ( Table 2 ). Finally, although polycul-
tures tended to have a greater proportion of attacked seeds, diver-
sity did not signifi cantly infl uence this variable ( Table 1 ;  Fig. 1D ). 

 Diversity eff ects on ants and parasitoids —   Th ere was a marginally 
signifi cant negative eff ect of diversity on ant abundance ( Table 1 ), 
with polycultures exhibiting a 49% lower mean value (8.63  ±  1.79 
ants) relative to monocultures (16.78  ±  4.59 ants) ( Fig. 2A ).  Aft er 
accounting for aphid abundance, the effect of diversity on ants 
became nonsignifi cant ( χ  2  

1,29
  = 0.78,  P  = 0.377), indicating that di-

versity effects on ants were mediated by the increase in aphid 
abundance in population mixtures (i.e., density-mediated indirect 
eff ect). In contrast, there was no eff ect of diversity on abundance of 
parasitoids attacking seed predators ( Table 1 ;  Fig. 2B ). 

 DISCUSSION 

 Intraspecific diversity in lima bean exerted contrasting effects 
on early season and late-season herbivores. Contrary to theory 
which predicts null or positive effects of plant diversity on 

dietary generalist herbivores, lima bean diversity negatively infl uenced 
the abundance and damage by early season generalist aphids and leaf-
chewers, and eff ects on aphids in turn cascaded-up to negatively 
infl uence aphid-tending ants. In contrast, and also contrary to the 
prediction of negative eff ects of plant diversity on specialist herbi-
vores, lima bean diversity had a positive eff ect on the abundance of 
late-season specialist seed predators but did not infl uence their 
parasitoids. Th ese fi ndings highlight the context-dependency of 
plant diversity eff ects on associated faunas, where such eff ects var-
ied both within and across trophic levels depending on consumer 
identity. 

 Th eory predicts neutral or even positive (e.g., via diet mixing) 
eff ects of plant diversity on dietary generalist herbivores as these 
are not restricted to feeding on a particular plant species or geno-
type and should thus be insensitive to reductions in density or con-
spicuity of preferred species or genotypes with increasing diversity 
( Jactel and Brockerhoff , 2007 ;  Castagneyrol et al., 2012 ). However, 
we found negative eff ects of plant intraspecifi c diversity on recruit-
ment by the generalist aphid  Aphis gossypii , as well as on damage 
caused by three species of leaf-chewers, two of which are generalists 
( Spodoptera eridiana  and  Diabrotica balteata ) and caused most of 
the leaf damage recorded on lima bean during the experiment 
(X. Moreira, personal observation). Th ese fi ndings suggest that di-
versity produced some type of chemical or physical interference 
(e.g., masking of preferred genotypes by other less preferred ones; 
 Denno et al., 2005 ) which drove a reduction in recruitment to and 
damage in mixtures by these herbivores ( Jactel et al., 2011 ;  Muiruri 
and Koricheva, 2016 ). Based on this, we argue that diet breadth 
may not always be a reliable predictor of the strength or direction 
of plant diversity eff ects on herbivores, thus emphasizing the im-
portance of considering other consumer traits (e.g., dispersal, feed-
ing mode) producing herbivore species-to-species contingency in 
responses to plant diversity ( Plath et al., 2012 ). 

 Counter to empirical work showing that plant diversity usually 
reduces damage by dietary specialist insect herbivores ( Jactel and 
Brockerhoff , 2007 ), we found positive eff ects of plant intraspecifi c 
diversity on the specialist seed predator  Acanthoscelides obtectus . 
One plausible mechanism for this result could have been plant phe-
notypic changes driven by previous patterns of damage by early 
season herbivores; we speculate lowered recruitment and damage 
by early season leaf-chewers and aphids in mixtures drove a change 
in plant traits in polyculture relative to monoculture, and such ef-
fects in turn conditioned responses to diversity by late-season seed 
predators. Although none of the traits measured (i.e., flowering 
onset, seed size and protein content) differed between monocul-
tures and mixtures, we speculate that changes in other unmeasured 
traits or cues associated with seed quality (e.g., cyanogenic com-
pounds ( Hernández-Cumplido et al., 2016b ) or phenolics ( Moreira 
et al., 2015b )) or some other aspect of reproduction could have me-
diated such eff ects. Recent work in this system by our group has 
shown that lima bean plants exposed to early season herbivory are 
less attacked by late-season seed predators, presumably via changes 
in seed traits or reproductive phenology ( Hernández-Cumplido 
et al., 2016b ). Alternatively, it is also possible that adult female beetles 
were able to perceive (chemically or visually) higher loads of early 
season herbivores present in monoculture and thus preferentially 
oviposited in mixtures to avoid intraspecifi c competition. How-
ever, aft er accounting for the amount of early season leaf damage 
and aphid abundance (presumably correlated with chemical and 
visual cues used by female beetles), the eff ect of diversity on seed 

  

  FIGURE 2  Least-square means ( ±  SE) for the eff ects of lima bean ( Phaseo-

lus lunatus ) intraspecifi c diversity on the abundance of (A) aphid-tending 

ants ( Solenopsis geminata ) and (B) parasitoids attacking  Acanthoscelides 

obtectus  seed predators.   
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predator abundance remained significant (results not shown), 
suggesting that indirect eff ects via changes in plant traits induced 
by leafchewers (rather than direct eff ects of cues) were responsible 
for the observed pattern. In agreement with this interpretation, a 
recent study by  Muiruri et al. (2015)  found that browsing by moose 
on birch altered eff ects of tree species diversity on damage by insect 
herbivores. Because plant species are frequently attacked sequen-
tially by multiple herbivore species, and given the prevalence of 
plant-mediated interactions via induced responses to herbivory 
( Van Zandt and Agrawal, 2004 ;  Ohgushi, 2005 ;  Utsumi et al., 2013 ), 
this phenomenon could represent a widespread (but currently ig-
nored) mechanism by which plant diversity infl uences associated 
consumers. 

 Although our fi ndings are suggestive of plant diversity-mediated 
indirect eff ects of early- on late-season herbivores, we cannot dis-
card other independent dynamics potentially underlying diversity 
eff ects on seed predators. For instance, seed predator performance 
may have been greater in population mixtures because of benefi ts 
(e.g., nutrient complementarity or toxin dilution) from switching 
among host plants of diff erent populations ( Mody et al., 2007 ; 
 Kotowska et al., 2010 ). In this system, however, diet mixing is un-
likely since individuals of  Acanthoscelides obtectus  do not move 
among seed pods within a plant or among plants. Alternatively, 
seed predators may have perceived population mixtures diff erently 
than monocultures ( Rodriguez-Saona et al., 2005 ) through some 
plant trait or habitat feature not associated with plant-phenotypic 
changes due to early season herbivory. For instance, higher seed 
predator recruitment to mixtures could have been driven by spe-
cifi c volatile blends produced by neighboring plants of diff erent 
population sources or genotypes ( Ninkovic et al., 2011 ), indepen-
dently of diff erences in early season damage. Relatedly, previous 
work has reported plant-plant airborne communication in lima 
bean ( Heil and Silva Bueno, 2007 ;  Moreira et al., 2016b ), which ar-
gues for further research to determine the contribution of this 
phenomenon to explaining diversity eff ects on herbivore patch 
selection. 

 It is important to emphasize that the observed eff ects of plant 
intraspecifi c diversity on leaf and seed herbivory may have particu-
larly important evolutionary implications for annual plant species 
such as lima bean. In particular, although increased seed predator 
abundance in polyculture did not lead to greater seed predation 
(though there was tendency in this direction), we might expect in-
stances where changes in seed predator recruitment infl uence rates 
of seed predation and thus shape plant lifetime fi tness. Th erefore, 
any eff ects of diversity on such interactions may lead to rapid evo-
lutionary changes in plant traits mediating interactions with these 
herbivores, including feedbacks where diversity-mediated changes 
in herbivore selection in turn infl uence plant intraspecifi c diver-
sity within populations ( Bailey et al., 2014 ;  Abdala-Roberts and 
Mooney, 2014 ). Having said this, additional research using molec-
ular markers is needed fi rst to assess actual levels of genetic diver-
sity within and among lima bean populations and in this way 
inform future studies manipulating intraspecifi c diversity in this 
plant species and track its causes and consequences in a more pre-
cise manner ( Hughes et al., 2008 ). 

 Finally, the eff ect of plant intraspecifi c diversity on herbivores 
cascaded-up to the third trophic level in some (but not all) cases. 
Specifi cally, we found that reduced aphid abundance in population 
mixtures in turn led to lower abundance of aphid-tending ants (i.e., 
a density-mediated indirect effect;  Mooney and Singer, 2012 ). 

Similarly,  Moreira and Mooney (2013)  found that eff ects of geno-
typic diversity in the shrub  Baccharis salicifolia  (Ruiz & Pav.) Pers. on 
ant abundance were mediated by eff ects on aphid abundance (though 
in this study diversity eff ects on these consumers were positive). In 
addition, and in contrast to eff ects on aphids and ants, positive ef-
fects of plant diversity on seed predators did not lead to higher 
parasitoid abundance in mixtures. Together, these fi ndings indicate 
that bottom-up eff ects of plant diversity vary among species be-
longing to the third trophic level and such variation may respond to 
diff erences in the mechanisms or nature of interactions between 
these species and their associated prey or mutualists. 

 CONCLUSIONS 

 Although there is a considerable amount of studies addressing ef-
fects of plant diversity on consumers, research thus far has been 
slow at addressing the dynamic complexity and mechanisms un-
derpinning such eff ects, particularly for research on plant intraspe-
cifi c diversity. First, future progress, particularly at the intraspecifi c 
level, will rely on research identifying (and manipulating diversity 
in) target plant and consumer traits driving the observed dynamics 
( Hughes, 2014 ). Second, a consideration of ecological feedbacks be-
tween plant diversity bottom-up eff ects and consumer top-down 
eff ects is also of central importance. Such feedbacks may also have 
evolutionary implications under the context of plant intraspecifi c 
diversity eff ects if alteration in consumer recruitment or behavior 
leads to changes in consumer selection on plant traits ( Abdala-
Roberts and Mooney, 2014 ). Finally, although our results are not 
definitive, they are suggestive that plant-mediated indirect in-
teractions are likely a key aspect to consider in future work ad-
dressing the eff ects of producer diversity on plant-centered faunas 
( Muiruri et al., 2015 ). To this end, systems where herbivore species 
exhibit contrasting phenologies off er an ideal opportunity to ad-
dress plant diversity-mediated interactions among consumers, pri-
ority eff ects, and diversity-initiated feedbacks within and among 
trophic levels. 
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