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Plants produce a diversity of phytochemical traits that act individu-
ally, additively, or synergistically in resistance of herbivory. Trait val-
ues in modern populations are shaped by past and current ecological 

interactions and evolutionary processes, including selection from 
multiple biotic and abiotic sources, and demographic processes such 
as genetic drift and gene flow (Linhart & Grant, 1996; López- Goldar 
et al., 2020). While the study of within- population defense traits and 
across- population patterns of defense production both has a strong 
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Characterizing correlates of phytochemical resistance trait variation across a land-
scape can provide insight into the ecological factors that have shaped the evolution of 
u;vbv|-m1;�-uv;m-Ѵvĺ�&vbm]�=b;Ѵ7Ŋ�1oѴѴ;1|;7�7-|-�-m7�-�]u;;m_o�v;�1ollom�]-u7;m�;�-
periment, we assessed the relative influences of abiotic and biotic drivers of genetic- 
based defense trait variation across 41 yellow monkeyflower populations from 
�;v|;um�-m7�;-v|;um��ou|_��l;ub1-�-m7�|_;�&mb|;7��bm]7olĺ��or�Ѵ-|bomv�;�r;ub;m1;�
different climates, herbivore communities, and neighboring vegetative communities, 
and have distinct phytochemical resistance arsenals. Similarities in climate as well 
as herbivore and vegetative communities decline with increasing physical distance 
separating populations, and phytochemical resistance arsenal composition shows a 
vblbѴ-uѴ��7;1u;-vbm]�|u;m7ĺ��=� |_;�-0bo|b1�-m7�0bo|b1� =-1|ouv�;�-lbm;7ķ� |;lr;u-|�u;�
and the neighboring vegetation community had the strongest relative effects on re-
sistance arsenal differentiation, whereas herbivore community composition and pre-
cipitation have relatively small effects. Rather than simply controlling for geographic 
ruo�blb|�ķ��;�fobm|Ѵ��-vv;vv;7�|_;�u;Ѵ-|b�;�v|u;m]|_v�o=�0o|_�];o]u-r_b1�-m7�;1oѴo]b1-Ѵ�
�-ub-0Ѵ;v� om� r_�|o1_;lb1-Ѵ� -uv;m-Ѵ� 1olrovb|bom-Ѵ� 7bvvblbѴ-ub|�ĺ���;u-ѴѴķ� o�u� u;v�Ѵ|v�
illustrate how abiotic conditions and biotic interactions shape plant defense traits in 
natural populations.

� � + )� !	 "
climate, herbivore species richness, landscape, monkeyflower, phytochemical resistance, plant 
defense, plant species richness
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literature, connections between these two scales are logistically and 
statistically difficult and are relatively rare.

ou�-�r-u|b1�Ѵ-u�rѴ-m|�ror�Ѵ-|bomķ�r-||;umv�o=�7;=;mv;�|u-b|�ruo-
duction may be influenced by resource availability and allocation 
strategy as well as selection from non- resource- related aspects of 
the abiotic and biotic environment. Within populations, optimal de-
fense theory, the resource allocation hypothesis, and others, predict 
patterns of resource allocation to defense trait production (Coley 
et al., ƐƖѶƔ; Hahn & Maron, 2016; Herms & Mattson, 1992; López- 
Goldar et al., 2020). Trade- offs between investment in defense and 
other aspects of life history strategy and/or the cost– benefit ratio 
of the defense investment underlie these hypotheses. Likewise, 
l�Ѵ|brѴ;�_�ro|_;v;v�_-�;�0;;m�7;�;Ѵor;7�|o�;�rѴ-bm�|_;�;�oѴ�|bom�
and ecological consequences of within- population phytochemical 
diversity such as the synergy hypothesis, the interaction diversity 
hypothesis, the moving target hypothesis, and the plant community 
variability hypothesis (Wetzel & Whitehead, 2019). Despite this 
well- developed literature, studies of genetic- based variation in de-
fense and defense evolution within populations are often not well 
connected to broader patterns of evolution across a species range.

�v��b|_� bm|u-Ŋ�ror�Ѵ-|bom� v|�7b;vķ� ];o]u-r_b1� r-||;umv� o=� bm|;uŊ�
population differences in plant defense have been investigated for 
decades. Despite the large number of publications describing de-
fense production across elevational or latitudinal gradients, these 
v|�7b;v�-u;�o=|;m�-|�|_;�bm|;uŊ�vr;1b;v�Ѵ;�;Ѵ�Ő;ĺ]ĺķ��oѴ;��ş��b7;ķ�1991; 
Levin, ƐƖƕѵ; Moles et al., 2011ĸ�!-vl-mm�ş��]u-�-Ѵķ�2011; but see 
�mv|;||� ;|� -Ѵĺķ�2015; Hahn et al., 2019). Thus, critical mechanistic 
links between the evolution of defense traits at the population level 
and defense trait similarity across landscapes remain unanswered. 
Climatic factors, resource availability, herbivore pressure, and the 
composition of herbivore communities and associated vegetative 
communities have all been shown to influence plant defense; these 
�-ub-0Ѵ;v�o=|;m�1oŊ��-u��0�|�|o�7b==;u;m|�;�|;m|v�-m7�-|�7b==;u;m|�vr--
tial scales (Hunter, 2016ĸ��oo�;uv�;|�-Ѵĺķ�ƑƏƐƕ; Moreira et al., ƑƏƐѶ). 
	�;�|o� Ѵo]bv|b1-Ѵ�-m7ņou�v|-|bv|b1-Ѵ�1olrѴ;�b|�ķ� |_;�;==;1|v�o=�lou;�
than one or two abiotic/biotic variables are not often considered 
simultaneously. Thus, while assessing the relative influence of mul-
tiple, simultaneous factors on defense trait production is critical to 
understand the evolution and ecology of defense trait similarity or 
variation across a landscape, we have very little empirical data to this 
end (Hunter, 2016).

Multiple studies across latitudinal and elevational gradients 
have shown the effects of climate and/or herbivory pressure on 
rѴ-m|� 7;=;mv;� Ő�07-Ѵ-Ŋ�!o0;u|v� ;|� -Ѵĺķ� ƑƏƐѶ; Carmona et al., 2020; 
(-Ѵ7࣐vŊ��ouu;1_;u� ;|� -Ѵĺķ� 2021ĸ� ��;Ѵ࢙��t�;�Ŋ��om࢙) ;|� -Ѵĺķ� 2019; 
Woods et al., 2012). Climate has known effects on herbivore spe-
cies richness and abundance, as well as plant growth and life his-
tory strategy, all factors that can influence plant investment in 
defense (Bont et al., 2020ĸ��-l0-1_�;|�-Ѵĺķ�2016). Likewise, recent 
work demonstrates that the local environment can have a stron-
ger effect on plant defenses than large- scale macroclimatic clines 
(Sanczuk et al., 2020). Neighboring vegetative community compo-
sition may influence plant susceptibility or resistance to herbivores. 

�vvo1b-|bom-Ѵ�v�v1;r|b0bѴb|��-m7�u;vbv|-m1;� Ѵ;-7�|o� bm1u;-v;v�ou�7;-
1u;-v;vķ� u;vr;1|b�;Ѵ�ķ� bm� rѴ-m|� v�v1;r|b0bѴb|�� |o� _;u0b�ou�� Ő�]u-�-Ѵ�
et al., 2006; Barbosa et al., 2009; Tahvanainen & Root, ƐƖƕƑ). 
�vvo1b-|bom-Ѵ� v�v1;r|b0bѴb|��-m7�u;vbv|-m1;�1-m�0;� |_uo�]_� bm7bu;1|�
abiotic mechanisms, such as when neighboring plants alter resource 
-�-bѴ-0bѴb|�� |o� =o1-Ѵ� rѴ-m|vĺ��vvo1b-|bom-Ѵ� ;==;1|v� 1-m� -Ѵvo� 0;�lou;�
direct, through effects on herbivore and predator behavior or sur-
vival, through neighboring plants affecting herbivore movement to 
focal plants, or through the effects of neighbors on focal plant traits 
(e.g., Tagawa & Watanabe, 2021). The effects of neighboring plants 
may be at least partially dependent on climate (e.g., mean annual 
temperature; Poeydebat et al., 2020), as well as local resources and 
past ecological histories (Rotter & Rebertus, 2015). Thus overall, we 
;�r;1|�1Ѵbl-|;ķ�u;vo�u1;�-�-bѴ-0bѴb|�ķ�_;u0b�ou;�ru;vv�u;ķ�-m7�-vvo1b-
-|;7�_;u0b�ou;�-m7��;];|-|b�;�1oll�mb|b;v�|o�fobm|Ѵ��v_-r;�r_�|o-
chemical evolution.

The co- evolutionary relationship between herbivores and plants 
is well documented (e.g., Becerra, ƐƖƖƕĸ� �_uѴb1_� ş� !-�;mķ� 1964; 
Janz, 2011őĺ�!;1bruo1-Ѵ� bm|;u-1|bomv�;�bv|�0;|�;;m�_;u0b�ou;�1ol-
munity composition and defense traits. Secondary chemistry affects 
herbivore community structure (e.g., Barker et al., ƑƏƐѶĸ� ouhm;u�
et al., 2004; Glassmire et al., 2016; Wimp et al., ƑƏƏƕ). Likewise, 
_;u0b�ou;v�;�;u|�v;Ѵ;1|bom�om�r_�vb1-Ѵ�-m7�1_;lb1-Ѵ�7;=;mv;�|u-b|v�
(Mauricio & Rausher, ƐƖƖƕ; Rausher & Simms, ƐƖѶƖ; Shonle & 
Bergelson, 2000). Diversity of phytochemical defenses is associated 
with diversity of the herbivore community and amount of herbivory 
(Richards et al., 2015; Salazar et al., ƑƏƐѶőĺ� �=�r-u|b1�Ѵ-u�_;u0b�ou;v�
ou� =;;7bm]� ]�bѴ7v� ;�;u|� 1omvbv|;m|� v;Ѵ;1|bom� ru;vv�u;v� om�l�Ѵ|brѴ;�
u;Ѵ-|;7�rѴ-m|�ror�Ѵ-|bomvķ��;�lb]_|�;�r;1|�u;vbv|-m1;�-uv;m-Ѵv�Ő|_;�
type and variation of phytochemical resistance traits) in those popu-
Ѵ-|bomv�|o�u;vrom7�bm�vblbѴ-u��-�v�ou�|o�1om�;u];ĺ��Ѵ|;um-|b�;Ѵ�ķ�b=�-0b-
otic drivers act more strongly in shaping phytochemical differences 
-1uovv�rѴ-m|�ror�Ѵ-|bomvķ��;�lb]_|�;�r;1|� |_;�;==;1|�o=�_;u0b�ou;�
community similarity to be less apparent.

�m� |_bv� v|�7�ķ��;� ;�rѴou;� |_;� 0bo];o]u-r_b1� v|u�1|�u;� o=� rѴ-m|�
phytochemical resistance arsenals and the relative influences of fac-
tors that might contribute to them, in populations of yellow mon-
keyflower (Erythranthe guttata (DC.) G.L. Nesom; synonym: Mimulus 
guttatus DC.) across its native and introduced range. Specifically, we 
(1) use a greenhouse common garden to characterize genetic- based 
variation in phytochemical resistance via phenylpropanoid glycoside 
(PPG; Holeski et al., 2013) concentrations in 41 populations of yel-
Ѵo��lomh;�=Ѵo�;u� =uol�-1uovv�vb��0bo];o]u-r_b1� u;]bomv� bm��ou|_�
�l;ub1-�-m7�|_;�&mb|;7��bm]7olĺ�);�=buv|�7;|;ulbm;�|_;�;�|;m|�|o�
which individual PPG variation is structured by geography relative to 
|_;�];m;|b1��-ub-|bom�ru;v;m|��b|_bm�l-|;um-Ѵ�=-lbѴb;v�-m7�m;�|�1_-u-
acterize the overall composition of PPG phytochemical resistance 
arsenals. We then ask (2) if physical distance, herbivore community 
similarity, vegetation community similarity, and/or several aspects 
of source climate similarity (temperature, precipitation, and season-
ality) are correlated with phytochemical resistance arsenal differen-
tiation. Lastly, we determine (3) which potential drivers contribute 
most strongly to the differentiation of phytochemical resistance 
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ՊՍՊ |Պƒ�o=�ƐƓROTTER et al.

-uv;m-Ѵv� -lom]� ror�Ѵ-|bomv� o=� �;ѴѴo��lomh;�=Ѵo�;uĺ� ��;u-ѴѴķ� �;�
hope to better understand how abiotic conditions and biotic inter-
actions shape plant defense traits.

ƑՊ |Պ��$�!���"���	���$��	"

ƑĺƐՊ |Պ "|�7��v�v|;l

Yellow monkeyflower (Erythranthe guttata (DC.) G.L. Nesom; 
synonym: Mimulus guttatus DC.) is a model species in evolution, 
ecology, and genetics (Ritland & Ritland, 1996; Troth et al., ƑƏƐѶ; 
(b1h;u�ķ�ƐƖƕѶ; Wu et al., ƑƏƏѶ). Populations occupy areas of peren-
mb-Ѵ� -m7�;r_;l;u-Ѵ��-|;u� =uol�mou|_;um��;�b1o� |o�1;m|u-Ѵ��Ѵ-vh-�
-m7� =uol� v;-� Ѵ;�;Ѵ� |o� ƒƏƏƏՓl� bm� ;Ѵ;�-|bomĺ� $_;� vr;1b;v� rovv;vv;v�
tremendous morphological variation, with genetic- based differ-
ences in life history and levels of defense, including constitutive and 
bm7�1;7�r_;m�Ѵruor-mob7�]Ѵ�1ovb7;v�Ő���vő�Őub;7l-m�;|�-Ѵĺķ�2015; 
Holeski, ƑƏƏƕ; Holeski et al., 2013ĸ� �oo�;uv� ;|� -Ѵĺķ� ƑƏƐƕ; Lowry 
et al., ƑƏƏѶ).

ƑĺƑՊ |Պ b;Ѵ7�v-lrѴbm]

We sampled 41 yellow monkeyflower populations spanning the 
�;v|;um� _;lbvr_;u;� -m7� 1olrubvbm]� vb�� 7bv|bm1|� 0bo];o]u-r_b1�

regions (b]�u; 1). We sampled native populations from the four 
biogeographic clades of yellow monkeyflower in western North 
�l;ub1-�Ő$��=ou7�ş�ub;7l-mķ�2015; Twyford et al., 2020), includ-
ing populations from the Coastal region (n = 3), the Cordilleran re-
gion (n = 5), the Northern region (n =�Ѷőķ�-m7�|_;�"o�|_;um�u;]bom�
(n =� ƒőĺ�+;ѴѴo��lomh;�=Ѵo�;u� bv� m-|b�;� |o��;v|;um��ou|_��l;ub1-�
-m7��-v� bm|uo7�1;7� bm|o� |_;� &mb|;7� �bm]7ol� Ő&�ő� -rruo�bl-|;Ѵ��
ƑƏƏՓ�;-uv� -]o� -m7� v�0v;t�;m|Ѵ�� u;bm|uo7�1;7� bm|o� �-v|;um� �ou|_�
�l;ub1-�Ő���ő�bmb|b-ѴѴ��=uol�&��ror�Ѵ-|bomv�-m7�|_;m�v�0v;t�;m|Ѵ��
|_uo�]_�v;1om7-u��bm�-vbomv�=uol�o|_;u�vo�u1;�ror�Ѵ-|bomv�Ő(-ѴѴ;foŊ�
Marín et al., 2021). We also sampled introduced populations from 
�-v|;um��ou|_��l;ub1-�Őn =�Ɠő�-m7�=uol�|_;�&mb|;7��bm]7ol�Őn =�ƐѶő�
(b]�u; 1őĺ� �m� |o|-Ѵķ� �;� v-lrѴ;7� ƐƖ� ror�Ѵ-|bomv� =uol� |_;� m-|b�;�
u-m];�-m7�ƑƑ�ror�Ѵ-|bomv�=uol�|_;�bm|uo7�1;7�u-m];�bm�|_;�&mb|;7�
�bm]7ol�-m7��-v|;um��ou|_��l;ub1-�Őb]�u; 1). The closest popula-
|bom�r-bu�bm�o�u�7-|-v;|��-v�ƔĺƖ�hl�-r-u|�Ő�b|_bm�|_;�&�őķ��_bѴ;�|_;�
=�u|_;v|�ror�Ѵ-|bom�r-bu�vr-mm;7�ѶѵƔƏՓhl�o=�r_�vb1-Ѵ�7bv|-m1;�Ő=uol�
|_;�&mb|;7��bm]7ol�|o��Ѵ-vh-őĺ

ou�;-1_�o=�|_;�ƓƐ��;ѴѴo��lomh;�=Ѵo�;u�ror�Ѵ-|bomvķ��;�7o1�-
mented the number of species present from each particular family 
of herbivores in the field as a measure of species richness. We con-
sidered a population of yellow monkeyflower to be a distinct group 
o=�1Ѵov;Ѵ��]uo�bm]�rѴ-m|v�|_-|��;u;�Ѵbh;Ѵ��bm|;u0u;;7bm]ĺ��mv;1|v��;u;�
classified at the family level while vertebrates and gastropods were 
-vvb]m;7�|_;bu�o�m�]uo�rvĺ��mv;1|�7b;|�0u;-7|_�bv�o=|;m�ru;7b1|-0Ѵ;�
-|� |_;� =-lbѴ�� Ѵ;�;Ѵ� Ő�|��l-� ş� �]u-�-Ѵķ� 2009), and family- level 

 ��&!� �ƐՊ�-r�o=�|_;�v-lrѴbm]�Ѵo1-|bomv�o=�ƓƐ��;ѴѴo��lomh;�=Ѵo�;u�ror�Ѵ-|bomv�=uol�vb��7bv|bm1|b�;�0bo];o]u-r_b1�u;]bomvĺ�
�bo];o]u-r_b1�u;]bomv�=oѴѴo��1Ѵ-7;�7bv|bm1|bomv�=ou�);v|;um��ou|_��l;ub1-�Ő$��=ou7�ş�ub;7l-mķ�2015ő�-m7�|_;�&mb|;7��bm]7ol�Ő(-ѴѴ;foŊ�
Marín et al., 2021őķ��_;u;-v�bm|uo7�1;7�ror�Ѵ-|bomv�bm��-v|;um��ou|_��l;ub1-�u;ru;v;m|�l�Ѵ|brѴ;�bm�-vbomv�-m7�-u;�|_�v�r-u-r_�Ѵ;|b1�
Ő(-ѴѴ;foŊ��-uझm�;|�-Ѵĺķ�2021).
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classification within insects has been used in a variety of evolution-
ary (Berenbaum et al., ƐƖѶѵ; Descombes et al., ƑƏƐƕ) and ecological 
studies (Bellamy et al., ƑƏƐѶ; Godoy et al., 2019) as a reliable level 
o=�|-�omolb1�u;voѴ�|bomĺ��Ѵ-vvb=b1-|bom�o=��;u|;0u-|;�-m7�]-v|uoro7�
damage was based on visual evidence of feeding damage, yellow 
monkeyflower site knowledge, and clear visual reliability of feed-
ing evidence. We assessed herbivores using visual and sweep net 
surveys. Within the visual surveys, we searched for signs of feeding 
damage on the plants as well as presence of herbivores themselves. 
);� vr;m|� ƔՓlbm� v;-u1_bm]� bm� -� ƐՓ×ՓƐՓl� r-|1_� o=� �;ѴѴo�� lomh;�-
=Ѵo�;u� -m7� |_;m� ;�r-m7;7� o�|� v�v|;l-|b1-ѴѴ�� |o� |_;� ;m|bu;� r-|1_ĺ�
�m�;u|;0u-|;v� �;u;� 1omvb7;u;7� |o� 0;� =;;7bm]� om� �;ѴѴo�� lomh;�-
flower if we directly observed feeding or if the invertebrates were 
on a plant and were a species that would likely consume yellow mon-
keyflower (i.e., the insect was an herbivore). When possible, for the 
latter case, we collected the animal alive and confirmed yellow mon-
keyflower consumption in the lab. Sweep netting was done only in 
areas that had high densities of yellow monkeyflower (90% or more) 
so as not to catch insects that may have been feeding on closely 
growing plants. Sweeps were completed after the visual surveys and 
timed in a similar manner. Herbivore surveys were conducted over 2 
or more years, at varying points within the growing season (at least 
one late and one early in the growing season based on local condi-
tions; Rotter et al., 2019).

);�v�u�;�;7��;ѴѴo��lomh;�=Ѵo�;uŊ�-7f-1;m|��;];|-|bom�1oll�-
nities by documenting the presence of all co- occurring plant species 
-|�|_;�=-lbѴ��Ѵ;�;Ѵĺ��v��b|_�_;u0b�ou;vķ��;�7o1�l;m|;7�vr;1b;v�ub1_-
ness as the number of species present from each particular family. 
Plants were considered to occur in the same community as yellow 
monkeyflower if they were physically very close (<ƐՓl�=uol�-��;ѴѴo��
monkeyflower plant), and/or likely directly competing with yellow 
monkeyflower for resources (e.g., for space or light, root competi-
|bomķ�m�|ub;m|��r|-h;ķ�;|1ĺőĺ�);��v;7�=-lbѴ�Ŋ�Ѵ;�;Ѵ�|-�omol��=ou��-v-
cular plants as it may be a good predictor of herbivore specialization 
(Winkler & Mitter, ƑƏƏѶ); this method also allows for a shared gen-
;u-Ѵ�-rruo-1_�o=�|-�-�-1uovv�-��ouѴ7�b7;�0bo];o]u-r_b1�v|�7��Ő��o�
et al., ƐƖƖѶ; Qian, 1999őĺ���u�=-lbѴ�Ŋ�Ѵ;�;Ѵ�|-�omol��=oѴѴo�v�|_-|�o=�
�����(�Ő�m]bovr;ul��_�Ѵo];m���uo�rķ�2016).

bm-ѴѴ�ķ� �;� 1oѴѴ;1|;7� v;;7v� =uol� ;-1_� �;ѴѴo�� lomh;�=Ѵo�;u�
ror�Ѵ-|bom� |o� �v;� bm� -� 1ollom� ]-u7;m� ;�r;ubl;m|ĺ�);� �v;7� |_bv�
common garden approach as we were interested in only the genetic- 
0-v;7� |u-b|v�o=� |_;�ror�Ѵ-|bomvĺ��Ѵ|_o�]_�����1om1;m|u-|bomv�1-m�
be plastic (Holeski et al., 2013), they have a strong genetic basis 
and broad patterns of PPG production are similar across environ-
l;m|v� Ő�ĺ� �ĺ� �Ѵ-m1_-u7ķ� �ĺ��ĺ��oѴ;vhbķ� �mr�0Ѵbv_;7� 7-|-őĺ� �m� ;-1_�
population, we collected seeds from multiple flowers from each of 
>20 plants that were separated by at least a meter. We then grew 
v;;7v� bm� |_;��ou|_;um��ub�om-�&mb�;uvb|�� ]u;;m_o�v;� =ou� -|� Ѵ;-v|�
one generation to minimize possible maternal effects. Plants used 
were bred into multiple outcrossed maternal families, with crosses 
r;u=oul;7��b|_bm�;-1_�ror�Ѵ-|bomĺ��ѴѴ�rѴ-m|v��;u;�]uo�m�bm�-�1ol-
mon environment for 6 months and rotated weekly. Plants were 
]uo�m�bm�-=-u7�ƒ��lb��ro||bm]�vobѴ��m7;u�ƐѵՓ_�_b]_Ŋ�ru;vv�u;�vo7b�l�

light and bottom flood watering with weekly fertilizer of 10- 30- 20 
Ő�;|;uv��uo=;vvbom-Ѵ�;u|bѴb�;uőĺ

ƑĺƒՊ |Պ �ollom�]-u7;m�7;=;mv;�|u-b|�l;-v�u;l;m|v

We quantified chemical traits associated with yellow monkeyflower 
defensive arsenals in plants grown in a greenhouse common garden. 
We assayed the foliar concentrations of seven phenylpropanoid gly-
cosides (PPGs), the predominant bioactive secondary compounds in 
the species (Holeski et al., 2013ĸ��;;=o�;uŊ�!bm]�;|�-Ѵĺķ�2014). These 
seven PPGs represent all PPGs that were detected in the samples. 
�m;� Ѵ;-=� =uol� |_;� |_bu7� |u�;� Ѵ;-=� r-bu��-v� 1�|� -|� |_;� 0-v;� o=� |_;�
petiole with scissors and flash frozen in liquid nitrogen before being 
|u-mv=;uu;7�|o�-�ƴƑƏŦ��=u;;�;uĺ�$bvv�;��-v�|_;m�Ѵ�or_bѴb�;7��vbm]�-�
ru;Ŋ�1_bѴѴ;7� u;;,om;� |ub-7� =u;;�;� 7u�� v�v|;l� Ő�-01om1oőĺ� "-lrѴ;v�
�;u;� v|ou;7ķ� ]uo�m7ķ� -m7� ;�|u-1|;7� -v� 7;v1ub0;7� bm� !o||;u� ;|� -Ѵĺ�
(ƑƏƐѶőĺ��m�-�;u-];ķ��;�v-lrѴ;7�|_u;;�bm7b�b7�-Ѵv�=uol�;-1_�o=�=o�u�
maternal families per population (n = 12 individuals per population) 
from each of the 41 yellow monkeyflower populations (n =�ƓѶƒ�bm-
dividuals in total). We quantified the PPG content of each sample 
�b-� _b]_Ŋ�r;u=oul-m1;� Ѵbt�b7� 1_uol-|o]u-r_�� Ő����ĸ� �]bѴ;m|� ƐƑѵƏ�
������b|_�-�7bo7;�-uu-��7;|;1|ou�-m7��ouov_;ѴѴ�ƐƑƏ���Ŋ��ƐѶ�-m-Ѵ�|b-
1-Ѵ�1oѴ�lm�ŒƓĺѵՓ×ՓƑƔƏՓllķ�Ƒĺƕ�μl�r-u|b1Ѵ;�vb�;œĸ��]bѴ;m|�$;1_moѴo]b;vő�
l-bm|-bm;7� -|� ƒƏŦ�ķ� -v� 7;v1ub0;7� bm� �oo�;uv� ;|� -Ѵĺ� ŐƑƏƐƕ). Seven 
���v��;u;� =o�m7Ĺ��mhmo�m�����ƐƏķ� 1-Ѵ1;oѴ-ubovb7;��ķ� 1-Ѵ1;oѴ-ub-
oside B, conandroside, verbascoside, mimuloside, and unknown PPG 
Ɛѵ�Ő�;;=o�;uŊ�!bm]�;|�-Ѵĺķ�2014).

ƑĺƓՊ |Պ "|-|bv|b1-Ѵ�-m-Ѵ�vbv

ƑĺƓĺƐՊ ŇՊ�o7;Ѵbm]�����1om1;m|u-|bomv�-m7��-ub-m1;�
partitioning analysis

);��v;7�Ѵbm;-u�lb�;7�lo7;Ѵv�Őlmer function from the lme4 pack-
age, Bates et al., 2015ő�-m7�];m;u-Ѵb�;7�Ѵbm;-u�lb�;7�lo7;Ѵv�Őglmer.
nb function from lme4) in R (R Core Team) to model the con-
1;m|u-|bomv� o=� ;-1_� o=� |_;� v;�;m� ���vķ� =b||bm]� =b�;7� ;==;1|v� =ou�
biogeographic region and population, and a random effect for ma-
ternal line (specific model specifications are provided in Table S1). 
Concentration data were overdispersed for all PPGs, with many 
low values and a decreasing number of samples with higher con-
1;m|u-|bomvĺ� �=� |_;� ƒƒѶƐ� |o|-Ѵ� ���� l;-v�u;l;m|v� Őv;�;m� ����
1olro�m7v� =ou�;-1_�o=�ƓѶƒ�rѴ-m|vőķ�Ɣѵ� bm7b�b7�-Ѵ�l;-v�u;l;m|v�
(1.66%) had values of zero. To facilitate downstream regression 
analysis, we added scalar values to all PPG data, based on the low-
est measured non- zero concentration (0.0003– 0.043) for that 
PPG, and then log- transformed PPG concentrations. We elected 
to use transformations, when possible, instead of fitting models 
using alternative distributional families, to facilitate variance par-
titioning analysis (see below). We diagnosed model performance 
using the simulateResiduals function from the DHARMa package 
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ՊՍՊ |ՊƔ�o=�ƐƓROTTER et al.

(Hartig, 2021őķ� u;t�bubm]� 1om]u�;m1;� o=� o0v;u�;7� -m7� ;�r;1|;7�
residuals as assessed through Q- Q plots and via the testDisper-
sion function. We modeled PPGs that were inadequately mod-
eled using log- transformed concentration data (calceolarioside 
�� -m7� 1om-m7uovb7;ő� �vbm]� m;]-|b�;� 0bmolb-Ѵ� ����v��b|_� momŊ�
transformed raw data (Table S1).

We conducted variance partitioning analysis using the partR2 
(Stoffel et al., 2021) and rptR (Stoffel et al., ƑƏƐƕő�r-1h-];v�bm�!ĺ�ou�
each PPG model, we decomposed total variance into semi- partial R2 
bm7b1-|bm]�|_;�ruorou|bom�o=�|o|-Ѵ��-ub-m1;�;�rѴ-bm;7�0��|_;�=b�;7�;=-
fects (i.e., marginal R2) of biogeographic region and population (fit 
bm7b�b7�-ѴѴ�ķ�-m7�-Ѵvo�fobm|Ѵ�ķ�|_�v�u;ru;v;m|bm]�|_;�=�ѴѴ�;==;1|�o=�];-
o]u-r_�őķ�-v��;ѴѴ�-v�|_;�ruorou|bom�o=��-ub-m1;�;�rѴ-bm;7�0��];mo-
typic variation at the level of maternal family. We passed the linear 
lb�;7�lo7;Ѵv�7;v1ub0;7�-0o�;�Ő|_;�partR2 and rptR packages do not 
currently accept negative binomial model families, so we were un-
-0Ѵ;�|o�r-u|b|bom��-ub-m1;�=ou�1-Ѵ1;oѴ-ubovb7;���-m7�1om-m7uovb7;ő�|o�
the partR2 function (with 1000 bootstrap replicates) to determine 
95% confidence intervals for marginal R2 for both region and pop-
�Ѵ-|bomķ� -v��;ѴѴ� -v� |_;� fobm|� ;==;1|� o=� |_;v;� 1oŊ��-u�bm]� ];o]u-r_b1�
ru;7b1|ouvĺ��;�|ķ��;�=b|�|_;�v-l;�lo7;Ѵv�-]-bm��vbm]�|_;�rpt function 
(with 1000 bootstrap replicates) to determine the proportion of vari-
-m1;�;�rѴ-bm;7�0��l-|;um-Ѵ�=-lbѴ�ĺ

ƑĺƓĺƑՊ ŇՊ �_-u-1|;ub�bm]�|_;�1olrovb|bom�o=����� 
phytochemical resistance arsenals, herbivore and  
vegetation communities, and climates among 
biogeographic clusters of yellow monkeyflower

ou�;-1_�o=�|_;�v;�;m����vķ��;��v;7�|_;�lo7;Ѵv�7;v1ub0;7�-0o�;�|o�;v-
timate least- square means for each population using the emmeans func-
tion from the emmeans package (Lenth, 2021). We back- transformed 
estimates that were generated using log- transformed data and sub-
tracted the scalar values to correct model predictions as needed. 
&vbm]� |_;v;� ror�Ѵ-|bomŊ�Ѵ;�;Ѵ� ;v|bl-|;vķ� �;� 1om7�1|;7� �oml;|ub1�
Multidimensional Scaling (NMDS) using the metaMDS function from 
the vegan�r-1h-];�Ő�hv-m;m�;|�-Ѵĺķ�2020) to visualize how populations 
and biogeographic clusters segregated in multi- dimensional phyto-
1_;lb1-Ѵ�-uv;m-Ѵ�vr-1;ĺ�);�-77;7�1om�;��_�ѴѴv�|o��bv�-ѴѴ��7;l-u1-|;�
biogeographic regions using the ordihull function in vegan.

We used the vegdist (with Bray- Curtis distance) and betadisper 
functions from vegan to test for homogeneity of variances among 
0bo];o]u-r_b1� u;]bomvĺ��� =bm7bm]�o=�mo�;�b7;m1;� =ou�7b==;u;m1;v� bm�
group dispersion confirms that downstream differences assessed 
through permutational multivariate analysis of variance reflect dif-
ferences in group means, as opposed to group variances. We used 
��!����(�� Őadonis2 function in vegan) to test for differences 
in multi- dimensional phytochemical arsenal space among biogeo-
]u-r_b1� 1Ѵ�v|;uvĺ� �;�|ķ� �;� �v;7� r-bu�bv;� ��!����(�� Őadonis.
pairs function from the EcolUtils package, Salazar, 2021) to assess 
differences in arsenal composition among individual pairs of biogeo-
graphic regions.

We followed the same procedures to visualize and assess differ-
ences in the composition of the herbivore and vegetation commu-
mb|b;v�-1uovv�|_;�vb��0bo];o]u-r_b1�1Ѵ�v|;uv�o=�M. guttatus. We first 
1u;-|;7�-�l-|ub��7;v1ub0bm]�|_;�_;u0b�ou;�1oll�mb|��1olrovb|bom�-|�
each of the 41 populations based on 20 arthropod families, and gas-
tropods and mammals, and then created a similar vegetation com-
l�mb|��l-|ub��0-v;7�om�|_;�vr;1b;v�ub1_m;vv�o=�rѴ-m|�m;b]_0ouv�=uol�
ƔƏ�rѴ-m|� =-lbѴb;vĺ� $_�vķ���	"� -m7���!����(�v� =ou� _;u0b�ou;v�
and vegetation communities were based on our field observations, 
whereas similar analyses for the PPGs were based on models gen-
erated from trait data collected under shared environmental condi-
tions in the greenhouse.

To assess climatic differences across biogeographic regions, we 
=buv|�;�|u-1|;7�7-|-� =ou�ƐƖ�0bo1Ѵbl-|b1��-ub-0Ѵ;v� u;=Ѵ;1|bm]�ru;v;m|Ŋ�
7-��1om7b|bomv�=ou�;-1_�ror�Ѵ-|bomĺ�);�;�|u-1|;7�1Ѵbl-|b1�7-|-�=uol�
the WorldClim� ]Ѵo0-Ѵ� 1Ѵbl-|;� 7-|-0-v;� Őb1h� ş� �bfl-mvķ� ƑƏƐƕ) at 
2.5 min of a degree resolution, using the getData function from the 
raster�r-1h-];�Ő�bfl-mvķ�2021) in R (R Core Team). Bioclimatic vari-
ables included measured variables such as mean annual temperature 
and precipitation, as well as derived variables such as mean diurnal 
temperature range, and temperature and precipitation seasonality 
Őb1h�ş��bfl-mvķ�ƑƏƐƕ). We characterized the overall climate based 
on all 19 bioclim variables using the same procedures as above. We 
also characterized climatic similarity based on three dimensions of 
|_;�1Ѵbl-|;�ŋ��|;lr;u-|�u;�Ő0boƐķ�0boƔķ�0boѵķ�0boѶķ�0boƖķ�0boƐƏķ�0boƐƐőķ�
ru;1brb|-|bom� Ő0boƐƑķ� 0boƐƒķ� 0boƐƓķ� 0boƐѵķ� 0boƐƕķ� 0boƐѶķ� 0boƐƖőķ� -m7�
v;-vom-Ѵb|��Ő0boƑķ�0boƒķ�0boƓķ�0boƕķ�0boƐƔőĺ�"bm1;��;�1-Ѵ1�Ѵ-|;�1Ѵbl-|b1�
distance between populations using Bray– Curtis distance, we added 
-�v1-Ѵ-u��-Ѵ�;�|o�-ѴѴ�0bo1Ѵbl-|b1��-ub-0Ѵ;v�Ő0boƐķ�0boѵķ�0boѶķ�0boƖķ�0boƐƐő�
that contained negative values, bringing all values for that variable 
into a positive range.

ƑĺƓĺƒՊ ŇՊ �vv;vvbm]�u;Ѵ-|bomv_brv�0;|�;;m�
phytochemical arsenal similarity and potential 
biotic and abiotic predictors

We first calculated community dissimilarities among all populations 
with respect to phytochemical defensive arsenals, herbivore and 
vegetation communities, and temperature- based, precipitation- 
based, and seasonality- based measures of the climate using the veg-
dist function (with Bray– Curtis dissimilarity) from the vegan package. 
We tested for associations between phytochemical arsenal similar-
ity and potential correlates using Mantel tests (mantel function from 
veganő�0-v;7�om�7bvvblbѴ-ub|��l-|ub1;vĺ��;�|ķ�|o�-vv;vv�u;Ѵ-|bomv_brv�
between geographic distance and each of our metrics of community 
similarity (phytochemical arsenals, herbivores, vegetation, and the 
three aspects of climate), we calculated pairwise physical distances 
among all 41 yellow monkeyflower populations based on their lati-
tude and longitude positions using the pointDistance function from 
the raster�r-1h-];�Ő�bfl-mv�ş�(-m��||;mķ�2020), which calculates the 
shortest distance between two points (i.e., “great- circle” distances). 
We again used Mantel tests to assess the relationship between 

 20457758, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.9520 by N

orthern A
rizona U

niversity C
l, W

iley O
nline Library on [28/11/2022]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



ѵ�o=�ƐƓՊ |Պ�ՊՍ ROTTER et al.

physical distance and phytochemical arsenal distance, as well as that 
between physical distance and each of the five potential correlates 
of phytochemical differentiation.

ƑĺƓĺƓՊ ŇՊ 	;|;ulbmbm]�|_;�u;Ѵ-|b�;�;==;1|v�o=�ro|;m|b-Ѵ�
drivers of phytochemical arsenal differentiation

Due to pervasiveness of isolation by distance, in which community 
differences increase with the physical distance between populations 
Ő�uvbmb�;|�-Ѵĺķ�2013; Wright, 1943őķ��;�-u;�o=|;m�bm|;u;v|;7�bm�fobm|Ѵ��
assessing the relative strengths of both geographic and ecological 
drivers on community dissimilarity, as opposed to simply controlling 
=ou�];o]u-r_b1�ruo�blb|�ĺ�$o�-77u;vv�|_bv�1_-ѴѴ;m];ķ��;�blrѴ;l;m|;7�
-m�;�|;mvbom�o=���	�""���ŐBayesian Estimation of Differentiation in 
Alleles by Spatial Structure and Local Ecology), a method originally 
designed to quantify the relative contributions of geography and 
ecology on genetic differentiation between individuals or popula-
tions (Bradburd, 2013; Bradburd et al., 2013őĺ���	�""���lo7;Ѵv�-�
response (i.e., allele frequencies in a group of populations) in which 
the covariance structure decreases with both physical and ecologi-
cal distances separating populations and uses a Markov chain Monte 
Carlo (MCMC) algorithm to estimate effect sizes of model param-
;|;uvĺ� �;u;ķ� ��	�""��� ];m;u-|;7� v|-m7-u7b�;7� ;==;1|� vb�;v� =ou�
;1oѴo]b1-Ѵ�ru;7b1|ouv�Ő-�őķ�bm7b1-|bm]�_o��-�om;Ŋ��mb|�1_-m];�bm�;-1_�
predictor contributes to differentiation in phytochemical arsenal 
vblbѴ-ub|�ĺ�);��|bѴb�;7���	�""���|o�bm=;u�|_;�u;Ѵ-|b�;�1om|ub0�|bomv�
of physical distance and five measures of ecological similarity (herbi-
vores, neighboring vegetation, and temperature- , precipitation- , and 
seasonality- based measures of the climate) on the differentiation of 
r_�|o1_;lb1-Ѵ�u;vbv|-m1;�-uv;m-Ѵvĺ���vblbѴ-u�;�|;mvbom�o=���	�""���
has recently been employed to assess the relative importance of fac-
tors contributing to microbiome community composition in baboons 
(Grieneisen et al., 2019őĺ��77b|bom-Ѵ�7;|-bѴv�om���	�""���l;|_o7v�
1-m�0;�=o�m7�bm��rr;m7b��S1.

ƒՊ |Պ !�"&�$"

ƒĺƐՊ |Պ(-ub-|bom�bm�r_;m�Ѵruor-mob7�]Ѵ�1ovb7;�Ő���ő�
ruo7�1|bom

&m7;u�v_-u;7�;m�buoml;m|-Ѵ�1om7b|bomv�bm�|_;�]u;;m_o�v;�1ollom�
garden, we observed substantial variation in PPG concentrations. 
�m7b�b7�-Ѵ�rѴ-m|v��-ub;7�0��=-1|ouv�o=��r�|o�~ƐƕƏƏ×– 3600× for most 
PPGs (and up to 14,000× for calceolarioside B), and on average, pop-
ulations varied by factors of 5×– 21× (with calceolarioside B varying 
0��-�=-1|ou�o=�ƓѶ×�-lom]�vol;�ror�Ѵ-|bomvőĺ�ou�-ѴѴ�=b�;�o=�|_;�v;�;m�
���v�=ou��_b1_��;��;u;�-0Ѵ;�|o�7;1olrov;��-ub-m1;ķ�|_;�fobm|�;==;1|�
o=� 0bo];o]u-r_b1� u;]bom� -m7� ror�Ѵ-|bom� ;�rѴ-bm;7� -�l�1_� ]u;-|;u�
portion of variance in PPG production than did maternal family 
(b]�u; 2ķ�b]�u;�S1őĺ��m�-�;u-];ķ�|_;�;==;1|�o=�];o]u-r_��Ő1olrov;7�
o=�|_;�fobm|�;==;1|�o=�0bo];o]u-r_b1�u;]bom�-m7�ror�Ѵ-|bomő�;�rѴ-bm;7�

19.9% of the variation in genetically based PPG production com-
r-u;7��b|_�ѵĺƕѷ�;�rѴ-bm;7�0��|_;�];m;|b1�;==;1|v�o=�l-|;um-Ѵ�=-lbѴ��
(b]�u; 2).

ƒĺƑՊ |Պ �olrovb|bom-Ѵ�vblbѴ-ub|��-lom]�
0bo];o]u-r_b1�1Ѵ�v|;uv�o=�M. guttatus

ƒĺƑĺƐՊ ŇՊ �_�|o1_;lb1-Ѵ�u;vbv|-m1;�-uv;m-Ѵv

Despite some overlap in multi- dimensional phytochemical resist-
ance trait space among yellow monkeyflower populations from dif-
ferent biogeographic regions (b]�u; 3a; non- metric R2 = .96; NMDS 
stress = 0.20), there was a significant difference in arsenal composi-
|bom�-lom]�u;]bomv� Ő��!����(��p = .04, F5,40 = 2.16, R2 = .24). 
This difference reflected significant (pՓ<ՓĺƏƔő� -m7� |u;m7bm]� ŐpՓ<ՓĺƐƏő�
r-bu�bv;�7b==;u;m1;v�-lom]�|_;�&��-m7��ou7bѴѴ;u-m�-m7�o|_;u�0bo];-
ographic regions (Table S2) rather than differences in compositional 
dispersion among biogeographic clusters (p =�ĺѵƕķ�F5,40 = 0.64).

ƒĺƑĺƑՊ ŇՊ �;u0b�ou;�1oll�mb|b;v

Several biogeographic regions had relatively distinctive herbivore 
communities (b]�u; 3b; non- metric R2 =�ĺƖƕĸ���	"�v|u;vv�=�ƏĺƐѶőķ�
and there was a significant difference in herbivore composition 
-lom]� u;]bomv� Ő��!����(�� pՓ<ՓĺƏƏƐķ� F5,40 = 2.53, R2 =� ĺƑƕőĺ�
"b]mb=b1-m|� r-bu�bv;� 7b==;u;m1;v��;u;� -]-bm� 7ub�;m� 0�� |_;�&�� -m7�
Cordilleran clusters (Table S3). Biogeographic clusters did not show 
differences in group dispersion with respect to the composition of 
their herbivore communities (p = .31, F5,40 = 1.25).

ƒĺƑĺƒՊ ŇՊ (;];|-|bom�1oll�mb|b;v

The compositions of vegetation communities across biogeo-
graphic clusters were strongly differentiated (b]�u; 3c; non- metric 
R2 = .94; NMDS stress = 0.24). This differentiation reflected mean 
7b==;u;m1;v� bm� �;];|-|bom� 1olrovb|bom� Ő��!����(�� pՓ<ՓĺƏƏƐķ�
F5,40 =�ƒĺƑѶķ�R2 = .32) rather than differences in group dispersion 
(p = .52, F5,40 =�ƏĺѶѵőĺ�$_;�&��1Ѵ�v|;u�v_o�;7�vb]mb=b1-m|�7b==;u;m1;v�
between all other biogeographic regions (Table S4), and the vegeta-
tive composition of the Cordilleran region was again significantly dif-
ferent from most other regions (Table S4).

ƒĺƑĺƓՊ ŇՊ �Ѵbl-|;

Populations from each biogeographic region (b]�u; 1) were strongly 
clustered in multivariate climate space (b]�u; 3d; NMDS non- metric 
R2 = .99; NMDS stress =�ƏĺƐƏőĺ���;u-ѴѴķ�|_;u;��;u;�vb]mb=b1-m|�7b==;u-
;m1;v�bm�]uo�r�l;-mv�Ő��!����(��pՓ<ՓĺƏƏƐķ�F5,40 = 23.35, R2 =�ĺƕƕő�
with no differences in group dispersion (p = .55, F5,40 =�ƏĺѶƒőĺ��;u;ķ�
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ՊՍՊ |Պƕ�o=�ƐƓROTTER et al.

almost all pairwise comparisons among biogeographic regions were 
significantly different (Table S5).

ƒĺƒՊ |Պ �ouu;Ѵ-|bomv�0;|�;;m�r_�|o1_;lb1-Ѵ�-uv;m-Ѵ�
vblbѴ-ub|��-m7�ro|;m|b-Ѵ�0bo|b1�-m7�-0bo|b1�ru;7b1|ouv

We found some evidence for a positive association between phyto-
chemical arsenal dissimilarity and the physical distance separating 
yellow monkeyflower populations (b]�u; 4a; Mantel r = .04, p =�ĺƏѶőķ�
indicating that populations further from one another tended to be 
differentiated in their arsenal composition. There was no relationship 
between herbivore community differences and phytochemical arse-
nal composition (b]�u; 4b; Mantel r =�ƴĺƏѵķ�p =�ĺѶƐőķ�mou�0;|�;;m��;]-
etation community differences and arsenal composition (b]�u; 4c; 
Mantel r = .03, p =�ĺƒѵőĺ��lom]�|_;�|_u;;�1olrom;m|v�o=�|_;�1Ѵbl-|;�
we assessed, differences in temperature- based components of the 

climate were significantly positively correlated with phytochemical 
arsenal differentiation (b]�u; 4d; Mantel r = .25, pՓ<ՓĺƏƐőķ�|_;u;��-v�
no relationship with precipitation- based climate similarity (b]�u; 4e; 
Mantel r = .01, p = .45) and a trend toward a positive association be-
tween differences in climate seasonality and phytochemical arsenal 
composition (b]�u; 4f; Mantel r =�ĺƏƕķ�p =�ĺƐƏőĺ��77b|bom-ѴѴ�ķ��;�o0-
served spatial autocorrelation in all potential predictors, as commu-
nity or multi- dimensional similarities for all five potential predictors 
of phytochemical arsenal differentiation were highly significantly cor-
u;Ѵ-|;7��b|_�|_;�r_�vb1-Ѵ�7bv|-m1;�v;r-u-|bm]�ror�Ѵ-|bomv�Őb]�u;�S2).

ƒĺƓՊ |Պ	;|;ulbmbm]�|_;�u;Ѵ-|b�;�;==;1|v�o=�ro|;m|b-Ѵ�
7ub�;uv�o=�r_�|o1_;lb1-Ѵ�-uv;m-Ѵ�7b==;u;m|b-|bom

$_;���	�""���-m-Ѵ�vbv�ruo�b7;7�v|-m7-u7b�;7�;==;1|�vb�;v�Ő-�őķ�bm-
dicating how a one- unit change in each of five ecological predictor 

 ��&!� �ƑՊ";lbŊ�r-u|b-Ѵ�R2�bm7b1-|bm]�|_;�ruorou|bom�o=��-ub-m1;�bm�r_;m�Ѵruor-mob7�]Ѵ�1ovb7;�Ő���ő�ruo7�1|bom�;�rѴ-bm;7�0��|_;�
geographic effects of biogeographic region and population, and the within- population effects of maternal family. Gray error bars represent 
95% confidence intervals for marginal R2�;v|bl-|;vĸ�0Ѵ-1h�7o|v�u;ru;v;m|�robm|�;v|bl-|;v�=ou�];o]u-r_b1��-ub-|bom�Ő|_;�fobm|�;==;1|v�o=�
u;]bomՓ+Փror�Ѵ-|bomő�-m7��b|_bmŊ�ror�Ѵ-|bom�];m;|b1��-ub-|bom�Ől-|;um-Ѵ�]-lbѴ�őĸ�]u-��7o|v�u;ru;v;m|�|_;�;==;1|v�o=�u;]bom�-m7�ror�Ѵ-|bom�
when assessed individually.
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Ѷ�o=�ƐƓՊ |Պ�ՊՍ ROTTER et al.

variables would contribute to differentiation in phytochemical ar-
v;m-Ѵ� vblbѴ-ub|�ĺ� �� �u-�ŋ���u|bv� 7bv|-m1;� o=� om;� u;=Ѵ;1|v� 1olrѴ;|;�
differences in community composition; thus, effect sizes can be 

interpreted as how complete turnover in one of the predictor vari-
ables would affect arsenal differentiation. Differences in the her-
0b�ou;� 1oll�mb|b;v� Ől;7b-m� -��= 0.12) and precipitation regimes 

 ��&!� �ƒՊ�omŊ�l;|ub1�l�Ѵ|bŊ�
dimensional scaling (NMDS) plots 
depicting the compositional similarity 
of phytochemical resistance arsenals, 
herbivore and vegetation communities, 
and overall climates of 41 populations of 
�;ѴѴo��lomh;�=Ѵo�;u�=uol�vb��7b==;u;m|�
biogeographic regions. (a) Phytochemical 
resistance arsenals based on the 
concentrations of PPGs as measured in 
plants grown in a greenhouse common 
garden; (b) Herbivore composition based 
on the species richness of arthropods, 
gastropods, and mammal herbivores 
-v�o0v;u�;7�bm�|_;�=b;Ѵ7ĸ�Ő1ő�(;];|-|bom�
composition based on the species richness 
of plant neighbors as observed in the 
field; and (d) Climate space based on 
ƐƖ�0bo1Ѵbl-|b1��-ub-0Ѵ;v�;�|u-1|;7�=uol�
WorldClim.

 ��&!� �ƓՊ�vvo1b-|bomv�0;|�;;m�r_�vb1-Ѵ�7bv|-m1;ķ�|�o�ro|;m|b-Ѵ�0bo|b1�1ouu;Ѵ-|;v�Ő_;u0b�ou;�-m7��;];|-|bom�1oll�mb|��1olrovb|bomőķ�
and three potential abiotic correlates (temperature- , precipitation- , and seasonality- based components of climatic similarity) of 
phytochemical arsenal differentiation. Solid lines indicate statistically significant associations (pՓ<ՓĺƏƔőķ�7-v_;7�Ѵbm;v�bm7b1-|;�|u;m7bm]�
associations (pՓ<ՓĺƐƏőĺ
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ՊՍՊ |ՊƖ�o=�ƐƓROTTER et al.

Ől;7b-m�-��= 0.31) had the smallest effects on phytochemical ar-
senal differentiation; climate seasonality had an intermediate ef-
=;1|�Ől;7b-m�-��= 0.69); whereas vegetation communities (median 
-��=�ƐĺƏѵő�-m7� |;lr;u-|�u;� u;]bl;v� Ől;7b-m�-��= 1.12) were the 
strongest potential drivers of arsenal differentiation across popula-
tions (b]�u; 5).

Bayesian estimation of differentiation in alleles by spatial struc-
ture and local ecology also provides an effect size for physical dis-
tance (aD); here, 1000- km of physical distance between populations 
1om|ub0�|;v�|o�-�l;7b-m�ƏĺƐƕŊ��mb|�1_-m];�bm�r_�|o1_;lb1-Ѵ�-uv;m-Ѵ�
7bvvblbѴ-ub|�ĺ� ou� |_;� v-h;� o=� 1olr-ubvomķ� |_;� ;==;1|� o=� 1olrѴ;|;�
turnover in herbivore communities is roughly equivalent to moving 
ƕƏƏ�hl�o=�r_�vb1-Ѵ�7bv|-m1;�bm�b|v�;==;1|v�o=�-uv;m-Ѵ�7b==;u;m|b-|bomķ�
whereas a completely different precipitation regime would result 
bm�-0o�|�|�b1;�|_-|�;==;1|�om�-uv;m-Ѵ�7b==;u;m|b-|bom�Ő-��= 0.31 vs. 
aD =�ƏĺƐƕőĺ�$o|-Ѵ�v_b=|v� bm��;];|-|bom�1oll�mb|b;v�ou�|;lr;u-|�u;�
regimes would result in about 6× larger effects on phytochemical 
-uv;m-Ѵ�7b==;u;m|b-|bom�1olr-u;7��b|_�lo�bm]�ƐƏƏƏՓhlĺ

ƓՊ |Պ	�"�&""���

Plant resistance traits evolve according to past abiotic and biotic 
environmental factors and influence current ecological interactions 
at multiple trophic levels. The characterization of drivers of genetic- 
based resistance trait variation across a landscape can provide in-
sight into the ecological factors that have shaped the evolution of 
these patterns, as well as allow for predictions for future ecological 
interactions. We assessed the relative influences of abiotic and bi-
otic drivers of genetic- based defense trait variation between plant 
populations in a study of 41 yellow monkeyflower populations across 
�;v|;um�-m7�;-v|;um��ou|_��l;ub1-�-m7� |_;�&mb|;7��bm]7olĺ���u�
study combines observational field data and common garden- based 
trait measurements of phytochemical resistance traits. Most previ-
ous work on the evolution and differentiation of resistance arsenals 

_-v�=o1�v;7�om�vbm]Ѵ;�7ub�;uvĺ�);�fobm|Ѵ��-vv;vv�|_;�u;Ѵ-|b�;�v|u;m]|_v�
of both geographic and multiple ecological variables on community 
7bvvblbѴ-ub|�ķ�u-|_;u�|_-m�vblrѴ��1om|uoѴѴbm]�=ou�];o]u-r_b1�ruo�blb|�ĺ�
$_bv�-rruo-1_�-ѴѴo�v��v� |o�0;||;u��m7;uv|-m7�|_;�1olrѴ;���-�v� bm�
which multiple co- varying forces may contribute to phytochemical 
and resistance trait differentiation in natural populations.

We find that biogeographic groups of yellow monkeyflower 
ror�Ѵ-|bomv� bm=;uu;7� =uol�];m;|b1�7-|-� Ő$��=ou7�ş�ub;7l-mķ�2015; 
Twyford et al., 2020ő� ;�r;ub;m1;�vb]mb=b1-m|Ѵ��7b==;u;m|�1Ѵbl-|;vķ�7b=-
ferent compositions of herbivore communities, co- occur with different 
vegetative communities, and have distinct phytochemical resistance 
arsenals. Similarities in climate as well as herbivore and vegetative 
communities decline with increasing physical distance separating yel-
Ѵo��lomh;�=Ѵo�;u�ror�Ѵ-|bomvĺ����;-h�-vvo1b-|bom�0;|�;;m�r_�vb1-Ѵ�
distance and plant resistance arsenal composition may indicate that 
the climate, herbivores, and plant neighbors have countervailing forces 
on plant defensive arsenals, causing them to converge under some cir-
cumstances. Physiological or genetic constraints could also contribute 
to this pattern, if there is a limited subset of defensive trait space that 
yellow monkeyflower populations are able to occupy.

ƓĺƐՊ |Պ $_;�bm|;u-1|bom�0;|�;;m�1Ѵbl-|;�-m7�];m;|b1Ŋ�
0-v;7�|u-7;Ŋ�o==v�=ou�7;=;mv;v

Previous studies of defense arsenals in yellow monkeyflower fo-
cusing on phytochemical defense have not found strong genetic 
constraints among defense traits (Holeski et al., 2014ĸ� �oo�;uv�
et al., 2020). However, genetic correlations between defense and life 
history strategy may play some role in the climate- related patterns 
that we observe in this study. Genetic- based trade- offs between 
levels of phytochemical defense and traits related to key life his-
tory traits (e.g., time to first flower, allocation to vegetative biomass 
�vĺ� u;ruo7�1|b�;� |u-b|vő� _-�;� 0;;m� v_o�m� bm� 0o|_� -mm�-Ѵ� Ő�oo�;uv�
et al., ƑƏƐƕ) and annual/perennial systems (Lowry et al., 2019; Rotter 

 ��&!� �ƔՊ	;mvb|��rѴo|v�o=�;==;1|�vb�;v�
Ő-�ő�o=�0bo|b1�-m7�-0bo|b1�1om|ub0�|ouv�
to the differentiation of phytochemical 
resistance arsenals among populations 
of yellow monkey flower. Colored points 
represent individual post burn- in draws 
from a consensus posterior distribution, 
sampled every 10,000 generations 
from 10 separate, 10- million generation 
MCMC sampling algorithms conducted 
bm���	�""��ĺ��-u];�robm|v�u;ru;v;m|�
medians from the consensus post burn- in 
posterior distribution, vertical black bars 
depict the interquartile ranges, and gray 
error bars show 95% credible intervals.
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ƐƏ�o=�ƐƓՊ |Պ�ՊՍ ROTTER et al.

et al., 2019őĺ� �|� Ѵ;-v|� vol;�o=� |_;v;� 1ouu;Ѵ-|bomv� -Ѵvo� _-�;� v|uom]�
-vvo1b-|bomv��b|_�1Ѵbl-|;ĸ�=ou�;�-lrѴ;ķ�bm�-mm�-Ѵ�lomh;�=Ѵo�;u�ror-
ulations, the length of the growing season (defined by both precipi-
tation and temperature) is positively correlated with concentrations 
o=�r_�|o1_;lb1-Ѵ�7;=;mv;�Ő�oo�;uv�;|�-Ѵĺķ�ƑƏƐƕ). This intra- specific 
pattern is similar to macroevolutionary patterns across the monkey-
flower phylogeny, whereby PPG concentrations are significantly in-
fluenced by mean annual temperature, amount of precipitation, and 
growing season length (Holeski et al., 2021). There are thus likely 
indirect effects of climate on monkeyflower resistance arsenals me-
diated through plant life history strategy.

$_;�momŊ�m-|b�;�ror�Ѵ-|bomv�bm�|_;�&mb|;7��bm]7ol�u;ru;v;m|�-�
somewhat distinctive portion of multi- dimensional resistance trait 
vr-1;ķ�u;Ѵ-|b�;�|o�ror�Ѵ-|bomv� bm��ou|_��l;ub1-ĺ�$_bv� bv�ro|;m|b-ѴѴ��
related to unique multidimensional climate space and vegetation 
1oll�mb|b;v� o11�rb;7� 0�� |_;� &�� ror�Ѵ-|bomv� u;Ѵ-|b�;� |o� m-|b�;�
populations (b]�u; 3őĺ� �|� 1o�Ѵ7� -Ѵvo� -ubv;� =uol� =o�m7;u� ;==;1|vķ�
unmeasured environmental variables, and/or the result of com-
petitive interactions required for successful establishment (Rotter 
et al., 2019őĺ� �m�1olr-ubvomķ� |_;�momŊ�m-|b�;�ror�Ѵ-|bomv� bm��-v|;um�
�ou|_��l;ub1-�-Ѵvo�;�bv|� bm��mbt�;�1Ѵbl-|;� vr-1;�-m7�_-�;�7b==;u-
ing associated vegetative communities, relative to the native North 
�l;ub1-m� ror�Ѵ-|bomvķ� 0�|� 7o� mo|� -Ѵ�-�v� o11�r�� �mbt�;� l�Ѵ|b7b-
mensional resistance trait space (Table S2). Previous work by Rotter 
et al. (2019) illustrated genetic- based trade- offs between resistance 
|u-b|v� -m7�rѴ-m|� =b|m;vv� bm� |_;�&mb|;7��bm]7olķ�0�|�mo|� bm��-v|;um�
�ou|_� �l;ub1-ĺ� �|� bv� rovvb0Ѵ;� |_-|� |_;v;� -ѴѴo1-|bom-Ѵ� |u-7;Ŋ�o==v� bm�
combination with novel climatic variables or ecological forces re-
lated to competitive interactions might underlie the observed differ-
;m1;v�bm�u;vbv|-m1;�-uv;m-Ѵv�0;|�;;m�|_;�momŊ�m-|b�;�&��ror�Ѵ-|bomv�
-m7��-v|;um��ou|_��l;ub1-m�ror�Ѵ-|bomvĺ

ƓĺƑՊ |Պ $_;�u;Ѵ;�-m1;�o=�bm|u-Ŋ��-m7�bm|;uŊ��vr;1b=b1�
�-ub-|bom�bm�u;vbv|-m1;�|u-b|v

The spatial distribution of plant phytochemical variation across a 
landscape is both influenced by and influences trophic interactions 
and nutrient dynamics in an ecosystem (Hunter, 2016; Northup 
et al., ƐƖƖѶ). Most studies of the effects of functional traits on com-
munity and ecosystem functioning have historically focused on 
species mean trait values, rather than incorporating intra- species 
variation (Siefert et al., 2015). More recently, the relevance of intra- 
species variation for community assembly and stability and eco-
v�v|;l� ruo1;vv;v� _-�;� 0;;m� _b]_Ѵb]_|;7� Ő�Ѵ0;u|ķ� $_�bѴѴ;uķ� +o11o�ķ�
Douzet, et al., 2010ĸ��Ѵ0;u|ķ�$_�bѴѴ;uķ�+o11o�ķ�"o�7-m|ķ�;|�-Ѵĺķ�2010; 
Bolnick et al., 2011; Crutsinger et al., 2006).

�7;m|b=b1-|bom� o=� bm|u-Ŋ�vr;1b=b1� vr-|b-Ѵ� r-||;umv� bm� =�m1|bom-Ѵ�
traits such as plant defenses can be a first step in linking them to 
spatial patterns of nutrient availability (Hunter, 2016; Westerband 
et al., 2021). While we do not include analysis of soil in our study, 
doing so in future studies may provide insight into factors or pro-
cesses that drive differences among populations in resource 

acquisition and allocation patterns. Here we find differences in phy-
tochemical resistance arsenal composition among biogeographic 
regions (b]�u; 3a). Different genetic clades and biogeographic clus-
ters of yellow monkeyflower may be resisting herbivory in some-
what different ways, i.e., via at least partially differentiated arsenal 
1olrovb|bomvĺ�ou�;�-lrѴ;ķ��_bѴ;�|_;u;� bv�lo7;u-|;�o�;uѴ-r� bm�|_;�
herbivore community multi- dimensional space among some biogeo-
graphic clusters (b]�u; 3bőķ�|_;�&��0bo];o]u-r_b1�1Ѵ�v|;u�o11�rb;v�-�
portion of relatively unshared resistance trait space (b]�u; 2a). This 
highlights the importance of considering populations across a spe-
cies range in efforts to understand the ecological and evolutionary 
processes underlying patterns of defense trait production.

While our study focuses on variation among populations of the 
same species, the results of our work are complementary to previous 
studies of inter- species variation in resistance traits at community 
and landscape levels. These studies have been conducted in multi-
ple plant systems/regions, and predictive variables include climate, 
topographic, and edaphic variables, as well as herbivore pressure. 
�m�om;�v�1_� bm|;uŊ�vr;1b=b1�v|�7��-|�-� Ѵ-m7v1-r;� Ѵ;�;Ѵ�-1uovv�-� Ѵ-u];�
number (400+) plant species, phytochemical richness across species 
could be predicted in part as a function of climatic factors and soil 
moisture (Defossez et al., 2021). Similarly, here at the intraspecific 
scale, climatic variation is associated with compositional differences 
bm� r_�|o1_;lb1-Ѵ� u;vbv|-m1;� -uv;m-Ѵvĺ� �|�u;� �ouh� Ѵoohbm]� -|� |_;�
relative influence of drivers of inter-  versus intra- specific patterns 
might be used to strengthen inferences of common influences on 
resistance trait patterns at different scales across the landscape.

ƓĺƒՊ |Պ !;Ѵ-|b�;�;==;1|v�o=�;1oѴo]b1-Ѵ�ru;7b1|ouv�
om�u;vbv|-m1;�|u-b|�vblbѴ-ub|�Ō�bm|;uru;|-|bomv�-m7�
blrou|-m|�1-�;-|v

�� 7b�;uvb|�� o=� 0bo|b1� -m7� -0bo|b1� 7ub�;uv� l-�� vbl�Ѵ|-m;o�vѴ�� 1om-
tribute to the evolution of plant defensive arsenals (Denno & 
McClure, ƐƖѶƒ; Hunter, 2016), yet the relative contribution of 
individual drivers may be difficult to ascertain due to biologi-
1-Ѵ� ruo1;vv;v� Ő;ĺ]ĺķ� 1omv|u-bm|ķ� 1om�;u];m1;ķ� -m7ņou� 1olrѴ;�b|�ő�
ou�l;|_o7oѴo]b1-Ѵ� u;-vomvĺ��mo|_;u� bvv�;� bv� Ѵbh;Ѵ�� bm� |_;�ru;1bvbom�
-m7�-11�u-1��o=�-�-bѴ-0Ѵ;�7-|-ĺ� �m�o�u� v|�7�ķ� =ou�;�-lrѴ;ķ� |_;�-0b-
otic factors (i.e., climatic data) come from long- term datasets and 
are likely substantially more precise and accurate than the herbivore 
data, which came from much more temporally limited sampling. The 
-77;7�mobv;�=uol�Ѵblb|;7�v-lrѴbm]�-m7�|_;��v;�o=�|-�-�o11�uu;m1;�
at the family level rather than a more fine- scale parameter could 
be reducing our ability to detect biological signal. Limited sampling 
Ѵbh;Ѵ��-==;1|;7�|_;�_;u0b�ou;�7-|-�|o�-�]u;-|;u�;�|;m|�|_-m�|_;��;]-
etation data, given the greater ephemerality of herbivores relative to 
neighboring plants. Given that other work in yellow monkeyflower 
shows that herbivore communities do impose selection on natural 
ror�Ѵ-|bomvķ��b|_����v�-==;1|bm]�|_;�;�|;m|�o=�_;u0b�ou��Ő"1_-um-]Ѵ�
et al., 2022), we predict that a stronger herbivory signal would be 
found with more comprehensive sampling.
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ՊՍՊ |ՊƐƐ�o=�ƐƓROTTER et al.

�0bo|b1�-m7�0bo|b1�=-1|ouv�l-��7ub�;�r_�|o1_;lb1-Ѵ�u;vbv|-m1;�-u-
senal differences, and these potential predictors may often be cor-
u;Ѵ-|;7�|_;lv;Ѵ�;vĺ�uol�-�v|-|bv|b1-Ѵ�v|-m7robm|ķ��_;m�lo7;Ѵbm]�-�
response resulting from pairwise geographic distance and pairwise 
ecological distances, partial Mantel approaches may be inappropri-
ate when potential predictors show spatial structure or autocor-
relation (Guillot & Rousset, 2013; Legendre et al., 2015). Multiple 
l-|ub��u;]u;vvbomķ��_b1_�1-m�lo7;Ѵ�-�1oll�mb|��vblbѴ-ub|��u;vromv;�
as a function of multiple pairwise ecological distance matrices, and 
thus produces an effect size for each predictor variable (Lichstein, 
2006), would be a conceptually tractable solution for answering our 
question. Such an approach, however, can also be inappropriate for 
bm=;uubm]�|_;�u;Ѵ-|b�;�blrou|-m1;�o=�l�Ѵ|brѴ;�bm7b�b7�-Ѵ�;�rѴ-m-|ou��
variables when the variables themselves are strongly correlated 
(Wang, 2013őĺ��;u;�=ou�;�-lrѴ;ķ�|_;�l-h;�r�o=�_;u0b�ou;�ou��;];|--
|bom�1oll�mb|b;v�lb]_|�7;r;m7�om�|_;�r_�vb1-Ѵ�ruo�blb|��v;r-u-|bm]�
plant populations, while the compositions of the herbivore and vege-
tation communities themselves might also be correlated.

$o�-77u;vv�|_;v;�1_-ѴѴ;m];vķ��;��|bѴb�;7���	�""��ķ�-�ror�Ѵ-|bom�
];m;|b1�l;|_o7�oub]bm-ѴѴ��7;vb]m;7�|o�lo7;Ѵ�st based on unlinked 
Ѵo1b�-v�-�fobm|�=�m1|bom�o=�;1oѴo]b1-Ѵ�vblbѴ-ub|��-m7�r_�vb1-Ѵ�7bv|-m1;�
(Bradburd et al., 2013őĺ� $_;� =Ѵ;�b0bѴb|�� o=� ��	�""��� -ѴѴo�v� b|� |o�
address questions in population genetics as well as in community 
ecology; that said, interpretation of the results obtained from our 
non- standard application requires careful consideration in light of 
|_;�lo7;Ѵ�-vv�lr|bomv�Ő�rr;m7b��S2őĺ���;u-ѴѴķ�|_bv�-m-Ѵ�vbv�v�]];v|v�
that the temperature is a relatively stronger driver of phytochemical 
arsenal differentiation compared with climatic seasonality and also a 
much stronger driver than localized precipitation regimes (b]�u; 5). 
We hypothesize that the effects of temperature are indirect, pos-
sibly filtered through effects of temperature on plant life history 
strategy.

ƔՊ |Պ �����&"���"

Strengths of our study lie in our broad geographic sampling across 
the full range of yellow monkeyflower in the northern Hemisphere 
(b]�u; 1), our use of a common garden approach to assess genetic- 
based variation in phytochemical arsenal composition across this 
u-m];ķ� -m7� |_;��v;�o=�mo�;Ѵ� v|-|bv|b1-Ѵ� =u-l;�ouh� |o� fobm|Ѵ��7bv;m-
tangle multiple abiotic and biotic factors that may affect plant 
phytochemical resistance traits. We find drastic differences in the 
relative strength of the effects that abiotic and biotic variables have 
om� u;vbv|-m1;� -uv;m-Ѵvĺ� �|� Ѵ;-v|� -|� |_;� u;voѴ�|bom� o=� o�u� -�-bѴ-0Ѵ;�
data, abiotic factors related to temperature and seasonality, and 
biotic factors associated with neighboring plant communities, play 
an outsized role in predicting resistance arsenal similarity compared 
with precipitation regimes or herbivore communities. Temperature 
and seasonality variables impose strong selection on many aspects 
of plant life history strategy; genetic correlations between life his-
tory and resistance traits may play a role in our observed patterns. 
��Ѵom]Ŋ�v|-m7bm]�]o-Ѵ�o=�rѴ-m|�u;vbv|-m1;�|u-b|�;�oѴ�|bom�v|�7b;v�bv�|o�

better understand the relative contributions of biotic and abiotic 
bm|;u-1|bomvĺ���u� u;v�Ѵ|v� -u;� 1olrѴ;l;m|-u�� |o� |_;� Ѵ-u];� 0o7�� o=�
literature supporting the independent roles of climate, herbivore 
communities, and neighboring plant communities in shaping plant 
resistance traits. Disentangling the relative roles of abiotic/biotic 
factors in shaping patterns of intraspecific trait variation will allow 
greater insight into the past ecology of these populations, as well as 
|_;bu�;�oѴ�|bom-u��|u-f;1|oub;vĺ��|�u;��ouh�0-v;7�om�7;|-bѴ;7�_;u-
bivore sampling is needed to better understand the relative effects 
of biotic and abiotic selection pressures in shaping phytochemical 
arsenals in plants.

�&$��!����$!��&$���"
�b1_-;Ѵ��ĺ�!o||;uĹ Conceptualization (supporting); funding acquisi-
tion (supporting); investigation (lead); writing –  original draft (sup-
porting); writing –  review and editing (supporting). ��Ѵ;� �_ubv|b;Ĺ 
Conceptualization (equal); formal analysis (lead); writing –  original 
draft (equal); writing –  review and editing (supporting). �b�-� �ĺ�
�oѴ;vhbĹ Conceptualization (lead); funding acquisition (lead); inves-
tigation (supporting); writing –  original draft (lead); writing –  review 
and editing (lead).

�����)��	����$"
�-m��|_-mhv�|o��b7;om��u-70�u7�=ou�_bv�-vvbv|-m1;��b|_���	�""��ķ�
|o� �-ubo� (-ѴѴ;foŊ��-uझm� =ou� _bv� 1oѴѴ;1|bm]� v�rrou|� bm� |_;� &mb|;7�
�bm]7olķ�|o��b1h��-u7bh;v�-m7��oub-�!o0bmvom�=ou�v|-|bv|b1-Ѵ�-7�b1;ķ�
to Martin Stoffel for answering questions about the partR2 and rptR 
r-1h-];vķ�-m7�|o�|_;��7-_o��-|b�;��Ѵ-m|�"o1b;|��-m7�|_;�&|-_��-|b�;�
�Ѵ-m|�"o1b;|��=ou�=�m7bm]�|o�v�rrou|�1oѴѴ;1|bomvĺ��m7bm]�=uol��"�
-�-u7�ƐѶƔƔƖƑƕ�|o�����-m7�-m��"��ov|7o1|ou-Ѵ�;ѴѴo�v_br�|o����
Ő-�-u7�ƐƖƏѵƕƔƖő�v�rrou|;7�|_;�1olrѴ;|bom�o=�|_bv�u;v;-u1_ĺ�);�-r-
preciate the thoughtful comments of reviewers that led to improve-
ments in this manuscript.

	�$���(��������$+�"$�$����$
The data used in this study will be placed in a data repository such as 
Dryad after publication.

�!��	
Liza M. Holeski  _||rvĹņņou1b7ĺou]ņƏƏƏƏŊƏƏƏƑŊƔƕѶƑŊѵѶѵƐ 

!��!����"
�07-Ѵ-Ŋ�!o0;u|vķ��ĺķ��-Ѵl࢙mķ��ĺķ��;|u�ķ�)ĺķ��o�;Ѵoķ�ĺķ�7;� Ѵ-��;m|;ķ��ĺķ�

�Ѵ-�v;uķ� �ĺķ� ş� �ou;bu-ķ� *ĺ� ŐƑƏƐѶőĺ� �m|;uvr;1b=b1� �-ub-|bom� bm� Ѵ;-=�
functional and defensive traits in oak species and its underlying cli-
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