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Abstract

The response of plant traits to global change is of fundamental importance to understanding

anthropogenic impacts on natural systems. Nevertheless, little is known about plant genetic

variation in such responses or the indirect effect of environmental change on higher trophic

levels. In a three-year common garden experiment, we grew the shrub Artemisia californica

from five populations sourced along a 700 km latitudinal gradient under ambient and nitro-

gen (N) addition (20 kg N ha-1) and measured plant traits and associated arthropods. N

addition increased plant biomass to a similar extent among all populations. In contrast, N

addition effects on most other plant traits varied among plant populations; N addition

reduced specific leaf area and leaf percent N and increased carbon to nitrogen ratios in the

two northern populations, but had the opposite or no effect on the three southern popula-

tions. N addition increased arthropod abundance to a similar extent among all populations in

parallel with an increase in plant biomass, suggesting that N addition did not alter plant

resistance to herbivores. N addition had no effect on arthropod diversity, richness, or even-

ness. In summary, genetic variation among A. californica populations mediated leaf-trait

responses to N addition, but positive direct effects of N addition on plant biomass and indi-

rect effects on arthropod abundance were consistent among all populations.

Introduction

Many plant species span broad environmental gradients and, as a result, can adapt to different

abiotic and biotic conditions with consequences for plant-associated communities [1]. Envi-

ronmental gradients can thus lead to genetically-based clinal variation in ecologically impor-

tant plant traits [2–4] including adaptive plasticity in those traits [5]. Genetic variation in plant

traits can in turn influence interactions with other community members [6,7]. If plant genetic

variation is clinal, it could lead to clinal variation in plant-associated communities [8].

Plant traits and associated communities are driven not only by plant genetics, but also by

the plastic response of plants to changing abiotic conditions, including those associated with
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global change [9–12]. Changing abiotic conditions can have direct effects on plants, but such

effects can also propagate to indirectly influence plant-associated communities [13]. In addi-

tion, the magnitude of plant plastic response to changing abiotic conditions may vary across a

species range [8] and, as a result, plant-associated communities may likewise vary with chang-

ing abiotic conditions.

Atmospheric nitrogen (N) deposition is one driver of global change that can significantly

impact biological communities [6,14]. N deposition tends to increase foliar N concentrations,

determining plant quality and defensive chemistry, which can affect herbivore survival,

growth, and reproduction [15,16]. For instance, N addition increased N tissue content in Bras-
sica oleracea, indirectly increasing diamondback moth populations (Plutella xylostella) [17]. As

a consequence, the direct effects of N deposition on plant traits may indirectly influence plant-

associated communities both above and below ground, as has been shown for plant-associated

arthropods [15,18] and soil microbial communities [18,19], whose direct responses to N can

also mediate plant responses [18–20]. Although the consequences of N deposition for plants

and associated communities have received some attention [15,21], the importance of intraspe-

cific variation in plant responses to N deposition and the consequences for plant-associated

communities are unknown.

In this study, we investigated the role of Artemisia californica intraspecific variation in

response to N deposition and its indirect effects on associated arthropod communities. A past

study of five A. californica populations sourced along a 700 km latitudinal gradient under

ambient and increased (4-fold) precipitation revealed clinal variation in plant growth, leaf-

traits, and plasticity [5,22], resulting in clinal variation in arthropod community composition

[8]. Plants from southern (vs. northern) populations had higher growth rates, carbon to nitro-

gen ratios, and terpene concentrations with lower specific leaf area, leaf percent N [5,22], and

arthropod density [8]. In addition, plants from southern (vs. northern) populations exhibited

greater plasticity in growth and flowering in response to water addition [5].

Here, we characterize intraspecific variation in A. californica traits in response to N deposi-

tion and the indirect effects of N deposition on associated arthropod communities. Specifi-

cally, we grew plants sourced from 5 populations along the California coast in a single

common garden under ambient conditions and N addition to simulate regional atmospheric

N deposition. In so doing, we addressed the following questions: (i) How does A. californica’s

genetic variation influence growth and functional traits?; (ii) how does A. californica respond

to N deposition and is there population variation in such responses?; and (iii) how does N

deposition affect associated arthropod communities across these plant populations? In

addressing these questions, this study increases our understanding of the direct effects of N

deposition on plants and its indirect effects on associated arthropod communities, while evalu-

ating how plant genetic variation influences these responses.

Materials and methods

Study system

California sagebrush (Artemisia californica Less., Asteraceae) is a foundation plant species in

Coastal Sage Scrub habitat, a low elevation scrubland plant community that is considered one

of the most threatened communities in the United States [23,24]. Artemisia californica is a

long-lived drought-deciduous shrub endemic to California with a range extending from Baja,

Mexico to Mendocino County, CA. Furthermore, coastal sage scrub vegetation is highly

fragmented due to land-use change and development, and has been reduced to 10–15% of its

historical distribution [23,24]. Additionally, A. californica supports a diverse arthropod com-

munity (>230 spp.) [5,8,24,25], which is the primary food source for many endemic and
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endangered vertebrate species, including the California gnatcatcher (Polioptila californica),

coastal cactus wren (Campylorhynchus brunneicapillus subsp. couesi), orange-throated whiptail

(Aspidoscelis hyperythra), and the San Diego horned lizard (Phrynosoma coronatum subsp.

blainvillii).

Experimental protocols

Common garden. In April 2009, we collected 20 plant cuttings from 10 A. californica
plants (N = 200 cuttings per population) from each of five source populations (Scripps Coastal

Reserve, San Diego, CA [32˚52’26.89” N, 117˚14’54.87” W; 95 m a.s.l.; hereafter ‘SD’], Santa

Monica Mountains National Recreation Area, Santa Monica, CA [34˚03’54.09” N, 118˚

59’12.83” W; 80 m a.s.l.; hereafter ‘SM’], Kenneth S. Norris Rancho Marino Reserve, Cambria,

CA [35˚31’39.92” N, 121˚04’26.5” W; 20 m a.s.l.; hereafter, ‘CAM’], Wilder Ranch State Park,

Santa Cruz, CA [36˚58’12.22” N, 122˚07’22.74” W; 20 m a.s.l.; hereafter, ‘SC’], and Rodeo

Beach, Golden Gate National Recreation Area, San Francisco, CA [37˚50’1.95” N, 122˚

32’40.53” W; 57 m a.s.l.; hereafter, ‘GG’]), representing 70 percent of its latitudinal range. Per-

mission to collect cuttings of A. californica was granted from the United Stated Department of

the Interior’s National Park Service (sites SM and GG; permit SAMO-2008-SCI-0003), from

the University of California’s Natural Reserve System (sites SD and CAM), and from the over-

seeing Park Ranger at Wilder Ranch State Park (site SC). Table 1 shows estimated total and

dry N deposition at each of these sites obtained from 2011 total deposition (TDep) model

runs, a measurement-model fusion incorporating empirical data to modeled data from the

Community Multiscale Air Quality (CMAQ) model estimates [26].

Adult plants (~1 m3) from each population were haphazardly selected with the constraint

that they were a minimum of 5 meters from one another and from large populations (i.e. at

least a few hundred individuals). Populations were 100–500 m from the coast and at least 100

km apart from each other. Immediately after plant cutting collection, cut ends were wrapped

with wet paper, placed in plastic bags, and stored in a cooler for transport to University of Cali-

fornia, Irvine. Within 12–72 hours of collection, plant cuttings were dipped in a 20% solution

of Dip ‘N Grow Root Inducing Concentrate (Dip ‘N Grow Inc., Clackamas, OR) and planted

in horticultural perlite for 6 weeks. Approximately 80% of cuttings died, primarily due to fun-

gal attack. This level of mortality for cuttings is similar to what we have found in previous

experiments with A. californica. Rooted cuttings were transplanted to individual pots contain-

ing a soil mixture of equal parts silica sand, redwood compost, peat moss, and pumice, and

grown in an outdoor shade house at the UC Irvine Arboretum for 10 months.

In March 2010, five plants of similar size (one from each population if available) were ran-

domly selected and planted into 15 plots (75 plants total) in a common garden at the Upper

Table 1. Estimated total and dry N deposition (kg N ha-1 yr-1) in 2009.

Location Site Total N Dry N

Newport Beach Upper Newport Bay Ecological Preserve 13.44 13.00

San Diego Scripps Coastal Reserve 3.82 3.25

Santa Monica Santa Monica Mountains National Rec Area 10.40 9.43

Cambria Kenneth S. Norris Rancho Marino Reserve 4.46 3.95

Santa Cruz Wilder Ranch State Park 6.50 5.55

San Francisco Rodeo Beach, Golden Gate National Rec Area 7.84 5.69

Estimated total and dry N deposition where the common garden was located (gray) and at each of the 5 sites where

cuttings were collected (from south to north).

https://doi.org/10.1371/journal.pone.0191997.t001
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Newport Bay Ecological Preserve in Newport Beach, CA (33˚39’13.82” N, 117˚53’5.8” W; 16 m

a.s.l.) with the permission of the Orange County Parks who also provided logistical support.

To minimize non-genetic (maternal-like) effects associated with plants cloned from cuttings

[27], plants were grown in the greenhouse and field for a total of 24 months before measuring

plant traits. The common garden consisted of seven blocks, each containing a pair of 2 x 2 m

plots and an additional unpaired plot for a total of 15 plots with 2 m between plots and blocks.

Plants from each population were evenly distributed among and randomized within the 15

plots. One plant from each of the five populations was included in 9 of the 15 plots and in 4

out of the 7 blocks. Due to high mortality of plant cuttings from fungal attack, GG plants

(northernmost population) were substituted with plants from SD or SM populations in three

blocks to maintain a consistent planting density in each plot. We speculate that cuttings from

GG experienced higher fungal infection because they were in transport conditions the longest

prior to transplant as this site required the longest distance travel. The number of replicate

plants per population varied (SD = 19, SM = 17, CAM = 15, SC = 15, and GG = 9 replicates)

with each population being represented by 10 separate genotypes (maternal source plants) in

all cases except GG which was represented by 9 genotypes. Plants were watered through Sep-

tember 2010 to ensure establishment and survival during the seasonally dry summer.

The preserve is a degraded patch of upland habitat approximately 100 m from Newport Bay

and 6 km inland from the ocean coastline with an estimated background N deposition of ~13

kg N ha-1 yr-1 in 2009 based on empirical deposition values from the National Atmospheric

Deposition Program. At the time of the experiment, the site was covered by a mix of non-

native grasses and forbs with a few native shrubs interspersed. Intact coastal sage scrub habitat

was found in patches throughout the areas adjacent to the common garden. Additionally, we

planted this common garden within 15 m of another common garden planted the previous

year with plots containing A. californica from the same five source populations [5,8,22]. These

two common gardens were planted independent of each other and designed to answer differ-

ent research questions. Cuttings for this common garden and the previous year common gar-

den came from the same locations, but cuttings were collected in different years and from

different source plants. Finally, replication per population in this experiment was lower than

the year prior common garden even though the same populations (cuttings were collected in

different years for this and the year prior common garden) were used. The resultant trait data

(described below) were more variable than in our previous studies, possibly due to the smaller

sample sizes as well as abiotic conditions that differed between the two studies (e.g. slightly dif-

ferent planting locations, drought conditions).

We added N to one plot in each block using a two-step approach [28] to simulate available

N for plant use in the natural cycle of N deposition in southern California. N deposition of 20

kg N ha-1 yr-1 is within the range of naturally occurring N deposition [29] and is 2x the esti-

mated ‘critical load’ (of 10 kg N ha-1) for nitrogen-poor or low biomass vegetation in coastal

sage scrub in southern California, which is at risk of major vegetation change. To achieve N

deposition of 20 kg N ha-1 yr-1 for two growing seasons, we used a two-step N addition

approach. First, we added “fast release” N in the form of Ca(NO3)2 in October 2010 and 2011.

Then in December 2010 and 2011, we added “slow release” N (Florikan, 12% N by weight).

This two-step N addition approach simulates the natural cycle of N deposition in southern

California chaparral and coastal sage scrub ecosystems, where large N inputs from dry deposi-

tion accumulate on plants and soil surface during the dry summer and a large nitrogen input

occurs with the first rains in winter that carry accumulated dry N on plants and soil surface fol-

lowed by sustained N input from ongoing wet N deposition during the wet season until the

next dry season when dry N builds up again [28,30]. To simulate the large N pulse that occurs
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with the first rain, we added fast release fertilizer; to simulate the sustained N input that occurs

due to new deposition during the wet season, we added slow release fertilizer.

Plant growth and traits. We measured plant size three times annually from April 2010 –

May 2012. To do so, we estimated plant biomass by quantifying the size of the plant in relation

to a cut branch taken from a non-experimental A. californica plant. The estimate used was an

average taken from two independent assessments of plant size. The cut branch was then dried

at 60˚C for 72 hours and weighed. This dry biomass weight was then multiplied by the average

estimate for plant size in relation to the cutting to obtain a final estimate of dry biomass (g) for

the living plant. We used estimated plant biomass in April 2011 as our estimate of growth

because all plants began as cuttings of the same size and this measurement corresponded to

the time when all other plant traits were measured.

We measured specific leaf area (SLA), percent N, carbon to nitrogen (C: N) ratios, and per-

cent water content (PWC) once in March 2011 during peak growing season. We haphazardly

collected 20 fully expanded leaves from the crown of each plant that represented the current

year’s growth. Ten leaves were used to assess SLA and PWC and the other 10 leaves were used

for leaf elemental analysis. To minimize potential mass loss, leaves were collected in the early

morning and freshly picked leaves were immediately placed in envelopes on ice and kept cool

until they were scanned and weighed (wet weight) within a few hours of collection that same

day. Leaf area (cm2) was measured from scanned images using ImageJ software [31]. Leaves

were then dried at 60˚C for 72 hours and weighed again (dry weight), allowing us to calculate

SLA as cm2g-1 dry weight and PWC as ((wet weight-dry weight)/wet weight). To assess leaf C

and N elemental composition (for N content and C: N ratios), dried leaves were ground to a

fine powder using a Wig-L-bug grinding mill (International Crystal Laboratories, Garfield,

NJ). Approximately 1 mg of this homogenized powder was then packed into 5 x 9 mm tins for

elemental analysis (Fisons Instruments 1500) that was then performed at the UC-Irvine Mass

Spectrometry Facility.

Associated arthropod community. We sampled whole arthropod communities in May

2012 for each plant. To sample arthropods, we vacuumed each plant exhaustively with an elec-

tric shop vacuum (3.5 HP Rigid model #WD0970) for up to 2 minutes for the largest plants

(range: 24–120 seconds). We collected arthropods into fine mesh bags inserted into the vac-

uum nozzle, placed them on ice immediately after collection, and transferred them to a -20˚C

freezer later that day. We stored arthropods in 70% ethanol after separating them from plant

chaff and subsequently identified them to morphospecies within family [8,32,33] and to the

genus or species level when possible for the most abundant arthropods. We assigned each

morphospecies to one of nine guilds based on published accounts for taxonomic groups as

described in Pratt et al. [8].

Data analyses

We tested for main and interactive effects of population and N addition on plant growth, SLA,

percent N, C: N ratios, and PWC, as well as arthropod abundance (individuals�plant-3), den-

sity (individuals�m-3 plant biomass), morphospecies richness, Shannon-Weiner Diversity (H’),
and Pielou’s Evenness (J’). Richness, H' and J' were calculated in Primer 6 [34] using abun-

dance data of adult morphospecies only. A significant population effect indicates genetic varia-

tion among populations, a significant N addition effect indicates trait plasticity in response to

N addition, and a significant population x N addition interaction indicates genetic variation

among populations in the degree of plasticity in response to N addition. All analyses were con-

ducted using the MIXED procedure in SAS Version 9.2 [35], specifying block and nitrogen-

by-plot interaction as random effects. To meet ANOVA assumptions of normally distributed

Artemisia intraspecific variation in response to nitrogen
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residuals and homogeneity of variances, plant biomass was square root transformed and

percent N and arthropod density were log-transformed while all other variables were

untransformed.

Results

N addition increased plant biomass by 41% among all populations with no main or interactive

effect of population (Table 2 and Fig 1a). Artemisia californica populations varied in SLA and

C: N ratios and plant populations with N addition influenced SLA, percent N, and C: N ratios

Table 2. Nitrogen addition and population effects on plants and arthropods.

Variable Population Nitrogen Population x Nitrogen

FDF (P-value) F1,13 (P-value) FDF (P-value)

Estimated plant biomass 0.994,52 (0.4187) 5.70 (0.0329) 1.204,52 (0.3238)

Specific leaf area 2.864,47 (0.0336) 0.43 (0.5214) 2.864,47 (0.0335)

Percent nitrogen 2.424,47 (0.0612) 0.02 (0.8826) 3.144,47 (0.0227)

Carbon to nitrogen ratio 2.764,47 (0.0386) 0.06 (0.8043) 3.344,47 (0.0174)

Percent water content 1.124,47 (0.3607) 3.47 (0.0851) 1.744,47 (0.1580)

Arthropod abundance 0.724,48 (0.5803) 5.07 (0.0423) 0.564,48 (0.6952)

Dependence of plant growth and traits and arthropod abundance on plant population, nitrogen addition, and the interaction of population and nitrogen addition.

Significant results are shown in bold

https://doi.org/10.1371/journal.pone.0191997.t002

Fig 1. Plant population and nitrogen addition effects on plant biomass and arthropods. Main N addition effect (right side of each plot;

squares) and interactive population and N addition effect (left side of each plot; circles) on a) estimated dry plant biomass (g) and b) arthropod

abundance (individuals per plant). Letters represent populations: SD = San Diego, SM = Santa Monica, CAM = Cambria, SC = Santa Cruz, and

GG = Golden Gate National Recreation Area. Numbers below letters represent population latitude. Error bars represent ±1SE. Treatments

(P = plant population, N = nitrogen addition, and P x N = plant population x nitrogen addition) are listed at the top of each panel with (�)

designating statistical significance.

https://doi.org/10.1371/journal.pone.0191997.g001
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(i.e. significant population x N addition; Table 2 and Fig 2). SLA values were on average higher

and much more variable in this experiment than in our previous work, possibly due to differ-

ences between the two gardens resulting in different leaf phenology during our sampling time-

frame (see Methods). N addition reduced SLA and percent N and increased C: N ratios for the

two northern populations and had an opposite or no effect on these plant traits for the three

southern populations (Fig 2). There were no main or interactive effect of population on leaf

PWC but N addition alone increased plant biomass (Table 2 and Fig 2).

Fig 2. Plant population and nitrogen addition effects on plant traits. Main N addition effect (right side of each plot; squares) and interactive

population x N addition effect (left side of each plot; circles) on a) specific leaf area (cm2g-1 dry weight), b) percent N, c) carbon to nitrogen ratio, and

d) percent water content ((wet weight-dry weight)/wet weight). Letters represent populations: SD = San Diego, SM = Santa Monica, CAM = Cambria,

SC = Santa Cruz, and GG = Golden Gate National Recreation Area. Numbers below letters represent population latitude. Error bars represent ±1SE.

Treatments (P = plant population, N = nitrogen addition, and P x N = plant population x nitrogen addition) are listed at the top of each panel with (�)

designating statistical significance.

https://doi.org/10.1371/journal.pone.0191997.g002
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N addition increased arthropod abundance but there was no main or interactive effect of

plant population on arthropod abundance (Table 2 and Fig 2). Arthropod density, species

richness, Pielou’s Evenness (J'), and Shannon-Wiener diversity (H') did not depend on the

main or interactive effect of plant population and N addition (all P>0.05; S1 Table and S1 Fig).

All data is available in S1 Dataset.

Discussion

Studying a fundamental component of global environmental change, we demonstrated popu-

lation variation in plant responses to N deposition with consistent indirect effects on associ-

ated arthropod communities. N addition effects on most plant leaf-traits varied which could

be evidence of clinal variation among plant populations. N addition reduced SLA and leaf per-

cent N and increased C: N ratios in the two northern populations and had an opposite or no

effect on these traits in the three southern populations. In contrast, N addition increased plant

biomass to a similar extent among all populations with parallel increases in arthropod abun-

dance, such that N addition did not alter plant resistance to herbivores (i.e. arthropod density).

Additionally, there were no N addition effects on arthropod richness, evenness, and diversity.

N addition increased plant growth, but these effects were not contingent upon plant popu-

lation. N addition typically increases plant growth [36–39], but can have an opposite effect in

areas with high N deposition [40]. For example, Allen et al. [40] found that N addition (high N

deposition exceeding 50 μg N g-1 soil) reduced A. californica growth and survival at sites with

high N deposition, but increased A. californica growth at sites with low N deposition, which is

consistent with our study where we added 2 μg N g-1 soil at a low N deposition site. Further-

more, N addition effects on plant performance could also be influenced by other abiotic condi-

tions such as water resources. Valliere et al. [41] suggested that N deposition under drought

conditions increases plant mortality by increasing leaf area and reducing water use efficiency.

Similarly, N deposition initially increased A. californica and then decreased performance and

increased A. californica mortality under drought conditions, suggesting that shrub responses

to N input can depend on its interactions with other abiotic conditions as well as species

responses [42].

In our one-year study, we did not quantify temporal variation in plant traits response to N

addition as has been done elsewhere [41]. Valliere et al [41] showed that high N deposition

effects on shrub growth and productivity varied over time with leaf litter and leaf area peaking

during the first year and declining in subsequent years. This is consistent with the large growth

response that we observed in our study with N addition. Additionally, in their study, leaf tissue

N increased with N addition over time while C: N decreased and was consistently lower in

control plants while SLA varied with N addition with no consistent pattern [41]. Similarly,

Vourlitis and Fernandez [43] found temporal variation in coastal sage scrub tissue N and C: N

ratio characterized by increasing and decreasing differences between N addition and control

treatments over time, respectively. With our data, we obtained a snap shot of N addition effects

on plant traits and associated arthropod communities. This limits our ability to predict how

plant traits and associated arthropod communities respond to N addition over time especially

if N addition effects are influenced by other abiotic conditions (i.e. drought) that can also vary

among years.

Our finding of no population variation in growth plasticity in response to N addition con-

trasts with our past work that demonstrated population variation in growth plasticity in

response to precipitation [5]. We previously found population variation in A. californica
growth and flowering in response to a precipitation manipulation of ambient southern precip-

itation vs. a four-fold increase in precipitation to simulate the northern precipitation regime.

Artemisia intraspecific variation in response to nitrogen
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Studying these same 5 populations at an adjacent field site, growth and flowering were higher

for southern than for northern populations [5]. The magnitude of population plasticity (i.e.

increased growth and flowering in response to water addition) was closely correlated with

interannual variation in precipitation, thus suggesting local adaptation in plasticity to variation

in the coastal precipitation regime.

To our knowledge there is no temporal variation but there is spatial variation among popu-

lations in their exposure to N deposition that might drive population variation in plasticity in

response to N addition. Total and dry N deposition increases from south to north except for

the SM population with the highest exposure to N deposition compared to the other popula-

tions. In contrast to our past study [5], there was no clinal variation in A. californica growth

under ambient N. Variation among populations in their exposure to N deposition could influ-

ence population variation in plasticity in response to N addition based on local adaptation, but

we may not have been able to detect it possibly because N addition effects on plant growth

may have been influenced by other abiotic conditions (i.e. drought) during our study. Dry or

wet years may have also influenced population variation in response to N deposition. This

may have been also due to other factors, including a smaller sample size (i.e. lower statistical

power) compared to the year prior common garden and conducting this common garden on a

site where plant growth was lower overall. Additionally, the timing was different for this com-

mon garden compared to the year prior common garden and this common garden was also

conducted during drier and less productive years.

In contrast to plant growth, plant populations varied in leaf-traits with N addition suggest-

ing that population variation could be clinal. We speculate that these patterns in leaf-trait

responses to N addition could be due to underlying clinal variation in constitutive leaf-traits

(i.e. traits under ambient N). In the absence of N addition, two northern populations (vs.

southern populations) were characterized by high SLA and percent N and low C: N ratio, find-

ings that are consistent with our past work on these same populations [5]. N addition in the

two northern populations decreased SLA and percent N and increased C: N ratios. In contrast,

the three southern populations were characterized by opposing constitutive trait values (lower

SLA and percent N and higher C: N ratios) and responded oppositely (or did not change) with

N addition (increasing SLA and percent N and reducing C: N ratio values or no change).

Variation in how southern and northern populations respond to N addition may be due to

clinal variation in their exposure to N deposition. Another study observed opposite effects of

N addition on percent N and C: N ratios compared to the response of the two northern popu-

lations in our study [44]. Pivovaroff et al. [44] used 2.5 times more N (50 kg N ha-1 yr-1) in

their multiyear fertilized plots compared to high N (20 kg N ha-1 yr-1) treatments in our study.

This could have contributed to the contrasting results for some of the populations in our

study. Differences in plant trait responses to N addition could also be attributed to local adap-

tion of populations to variation in N deposition exposure but plants were grown in the green-

house and field for 24 months before measuring plant traits to minimize these effects.

Furthermore, N addition could have also interacted with other abiotic conditions such as

drought, contributing to the variation among population responses to N addition. Although it

is difficult to reach clear conclusions with a relatively small number of populations in our

study, our findings nevertheless suggest that constitutive clinal variation in plant traits could

mediate clinal plasticity in response to N addition.

N addition increased arthropod abundance to a similar extent among all plant populations,

but had no effect on arthropod richness, evenness, and diversity. Arthropod abundance

tracked the consistent increase in plant biomass with N addition. N addition increased plant

biomass and arthropod abundance but had no effect on arthropod density, suggesting that N

addition did not significantly affect plant quality or resistance to herbivores. Even though N
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addition altered plant traits (i.e. percent N and C: N ratios) potentially altering plant quality,

arthropod density did not respond to changes in these plant traits. These findings contrast

with our past study that showed a northward cline of increasing arthropod density [8], suggest-

ing that plant population variation influenced plant traits, cascading to higher trophic levels

[12,45]. These contrasting findings could be attributed to the potential interactive effect of N

addition and other abiotic conditions (i.e. drought) that were not considered in our study and

to low productivity at this site. Another study showed that plant performance decreased with

drought in combination with N addition [42]. At this site, plants were more stressed and the

initial plant size was smaller than plants in an adjacent site in the year prior common garden.

It is possible that plants in an environment with low productivity in combination with drought

conditions are not able to take advantage of available N.

In conclusion, we demonstrated plant population variation in response to a fundamental

aspect of global change and results suggest that this variation could be predicted based on

constitutive trait variation. At the same time, plant variation in trait plasticity need not imply

population variation in the indirect effects of global change on plant-associated arthropod

communities. In most ecosystems, plant-associated arthropod communities are an important

component of biodiversity as well as a food source for many threatened insectivorous verte-

brates that often guide habitat management in these ecosystems. Accordingly, additional stud-

ies that focus on the indirect effects of N addition and other aspects of global change on plant-

associated arthropod communities are needed.
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(PDF)

S1 Dataset. Plant trait and associated arthropod data.

(XLSX)

Acknowledgments

We thank L. Liu, A. Datu, S. Luu, C. Hertler, and D. Tran for help with field data collection.

The UC Irvine Arboretum provided logistical support and space for plant propagation; Orange

County Parks provided logistical support and storage space at our field site. This work was

supported by grants to JDP from the Newkirk Center for Science & Society, Orange County

Association of Environmental Professionals, Newport Bay Conservancy, and the Lake Forest

Garden Club. MMML was supported by a Ford Foundation Postdoctoral Fellowship. A

research grant to KAM was provided by NSF-DEB-1354734. Fellowship assistance to JDP was

Artemisia intraspecific variation in response to nitrogen

PLOS ONE | https://doi.org/10.1371/journal.pone.0191997 February 1, 2018 10 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191997.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191997.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191997.s003
https://doi.org/10.1371/journal.pone.0191997


provided by NSF-GK12 DGE-0638751, EPA-STAR FP-91724101, and the UC-Irvine Graduate

Division. This publication has not been formally reviewed by the EPA; the views expressed

herein are solely those of the authors.

Author Contributions

Conceptualization: Kailen A. Mooney, Jessica D. Pratt.

Data curation: Maria M. Meza-Lopez, Kailen A. Mooney, Jessica D. Pratt.

Formal analysis: Kailen A. Mooney, Jessica D. Pratt.

Funding acquisition: Maria M. Meza-Lopez, Kailen A. Mooney, Jessica D. Pratt.

Investigation: Kailen A. Mooney, Amanda L. Thompson, Nicole K. Ho, Jessica D. Pratt.

Methodology: Kailen A. Mooney, Jessica D. Pratt.

Project administration: Kailen A. Mooney, Jessica D. Pratt.

Resources: Kailen A. Mooney, Jessica D. Pratt.

Software: Maria M. Meza-Lopez, Kailen A. Mooney, Jessica D. Pratt.

Supervision: Jessica D. Pratt.

Validation: Maria M. Meza-Lopez, Kailen A. Mooney, Jessica D. Pratt.

Visualization: Maria M. Meza-Lopez, Kailen A. Mooney, Jessica D. Pratt.

Writing – original draft: Maria M. Meza-Lopez.

Writing – review & editing: Maria M. Meza-Lopez, Kailen A. Mooney, Jessica D. Pratt.

References
1. Whitham TG, Young WP, Martinsen GD, Gehring CA, Schweitzer JA, Shuster SM, et al. Community

and ecosystem genetics: a consequence of the extended phenotype. Ecology. 2003; 84: 559–573.

https://doi.org/10.1890/0012-9658(2003)084[0559:CAEGAC]2.0.CO;2

2. Thompson JD, Gauthier P, Amiot J, Ehlers BK, Collin C, Fossat J, et al. Ongoing adaptation to Mediter-

ranean climate extremes in a chemically polymorphic plant. Ecol Monogr. 2007; 77: 421–439. https://

doi.org/10.1890/06-1973.1

3. Nahum S, Inbar M, Ne’eman G, Ben-Shlomo R. Phenotypic plasticity and gene diversity in Pistacia len-

tiscus L. along environmental gradients in Israel. Tree Genet Genomes. 2008; 4: 777. https://doi.org/10.

1007/s11295-008-0150-4

4. Smith BM, Diaz A, Daniels R, Winder L, Holland JM. Regional and ecotype traits in Lotus corniculatus

L., with reference to restoration ecology. Restor Ecol. 2009; 17: 12–23. https://doi.org/10.1111/j.1526-

100X.2007.00327.x

5. Pratt JD, Mooney KA. Clinal adaptation and adaptive plasticity in Artemisia californica: implications for

the response of a foundation species to predicted climate change. Glob Change Biol. 2013; 19: 2454–

2466. https://doi.org/10.1111/gcb.12199 PMID: 23505064

6. Tylianakis JM, Didham RK, Bascompte J, Wardle DA. Global change and species interactions in terres-

trial ecosystems. Ecol Lett. 2008; 11: 1351–1363. https://doi.org/10.1111/j.1461-0248.2008.01250.x

PMID: 19062363

7. Muola A, Mutikainen P, Laukkanen L, Lilley M, Leimu R. Genetic variation in herbivore resistance and

tolerance: the role of plant life-history stage and type of damage. J Evolution Biol. 2010; 23: 2185–2196.

https://doi.org/10.1111/j.1420-9101.2010.02077.x PMID: 20796136

8. Pratt JD, Datu A, Tran T, Sheng DC, Mooney KA. Genetically based latitudinal clines in Artemisia cali-

fornica drive parallel clines in arthropod communities. Ecology. 2017; 98: 79–91. https://doi.org/10.

1002/ecy.1620 PMID: 27935026

9. Gornish ES, Tylianakis JM. Community shifts under climate change: mechanisms at multiple scales.

Am J Bot. 2013; 100: 1422–1434. https://doi.org/10.3732/ajb.1300046 PMID: 23825134

Artemisia intraspecific variation in response to nitrogen

PLOS ONE | https://doi.org/10.1371/journal.pone.0191997 February 1, 2018 11 / 13

https://doi.org/10.1890/0012-9658(2003)084[0559:CAEGAC]2.0.CO;2
https://doi.org/10.1890/06-1973.1
https://doi.org/10.1890/06-1973.1
https://doi.org/10.1007/s11295-008-0150-4
https://doi.org/10.1007/s11295-008-0150-4
https://doi.org/10.1111/j.1526-100X.2007.00327.x
https://doi.org/10.1111/j.1526-100X.2007.00327.x
https://doi.org/10.1111/gcb.12199
http://www.ncbi.nlm.nih.gov/pubmed/23505064
https://doi.org/10.1111/j.1461-0248.2008.01250.x
http://www.ncbi.nlm.nih.gov/pubmed/19062363
https://doi.org/10.1111/j.1420-9101.2010.02077.x
http://www.ncbi.nlm.nih.gov/pubmed/20796136
https://doi.org/10.1002/ecy.1620
https://doi.org/10.1002/ecy.1620
http://www.ncbi.nlm.nih.gov/pubmed/27935026
https://doi.org/10.3732/ajb.1300046
http://www.ncbi.nlm.nih.gov/pubmed/23825134
https://doi.org/10.1371/journal.pone.0191997


10. Johnson MTJ, Agrawal AA. Plant genotype and environment interact to shape a diverse arthropod com-

munity on evening primrose (Oenothera biennis). Ecology. 2005; 86: 874–885. https://doi.org/10.1890/

04-1068

11. Trotter RT, Cobb NS, Whitham TG. Arthropod community diversity and trophic structure: a comparison

between extremes of plant stress. Ecol Entomol. 2008; 33: 1–11. https://doi.org/10.1111/j.1365-2311.

2007.00941.x

12. Wimp GM, Wooley S, Bangert RK, Young WP, Martinsen GD, Keim P, et al. Plant genetics predicts

intra-annual variation in phytochemistry and arthropod community structure. Mol Ecol. 2007; 16: 5057–

5069. https://doi.org/10.1111/j.1365-294X.2007.03544.x PMID: 17927708

13. McCluney KE, Belnap J, Collins SL, Gonzalez AL, Hagen EM, Holland JN, et al. Shifting species inter-

actions in terrestrial dryland ecosystems under altered water availability and climate change. Biol Rev.

2012; 87: 563–582. https://doi.org/10.1111/j.1469-185X.2011.00209.x PMID: 22098619

14. Bytnerowicz A, Fenn ME. Nitrogen deposition in California forests: a review. Environ Pollut. 1996; 92:

127–146. https://doi.org/10.1016/0269-7491(95)00106-9 PMID: 15091393

15. Throop HL, Lerdau MT. Effects of nitrogen deposition on insect herbivory: implications for community

and ecosystem processes. Ecosystems. 2004; 7: 109–133. https://doi.org/10.1007/s10021-003-0225-x

16. White TCR. The inadequate environment: nitrogen and the abundance of animals. Springer Science &

Business Media; 2012.

17. Awmack C, Leather SR. Host plant quality and fecundity in herbivorous insects. Annu Rev Entomol.

2002; 47: 817–844. https://doi.org/10.1146/annurev.ento.47.091201.145300 PMID: 11729092

18. Egerton-Warburton LM, Johnson NC, Allen EB. Mycorrhizal community dynamics following nitrogen fer-

tilization: a cross-site test in five grasslands. Ecol Monogr. 2007; 77: 527–544. https://doi.org/10.1890/

06-1772.1

19. Egerton-Warburton LM, Allen EB. Shifts in arbuscular mycorrhizal communities along an anthropogenic

nitrogen deposition gradient. Ecol Appl. 2000; 10: 484–496. https://doi.org/10.1890/1051-0761(2000)

010[0484:SIAMCA]2.0.CO;2
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