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Abstract Encroachment of woody vegetation into

grasslands is a widespread phenomenon that alters plant

community composition and ecosystem function. Woody

encroachment is often the result of fire suppression, but it

may also be related to changes in resource availability

associated with global environmental change. We tested

the relative strength of three important global change fac-

tors (CO2 enrichment, nitrogen deposition, and loss of

herbaceous plant diversity) on the first 3 years of bur oak

(Quercus macrocarpa) seedling performance in a field

experiment in central Minnesota, USA. We found that loss

of plant diversity decreased initial oak survival but

increased overall oak growth. Conversely, elevated CO2

increased initial oak seedling survival and reduced overall

growth, especially at low levels of diversity. Nitrogen

deposition surprisingly had no net effect on survival or

growth. The magnitude of these effects indicates that long-

term woody encroachment trends may be most strongly

associated with those few individuals that survive, but

grow much larger in lower diversity patches. Further, while

the CO2 results and the species richness results appear to

describe opposing trends, this is due only to the fact that

the natural drivers are moving in opposite directions

(decreasing species richness and increasing CO2). Inter-

estingly, the mechanisms that underlie both patterns are

very similar, increased CO2 and increased species richness

both increase herbaceous biomass which (1) increases

belowground competition for resources and (2) increases

facilitation of early plant survival under a more diverse

plant canopy; in other words, both competition and facili-

tation help determine community composition in these

grasslands.

Keywords Biodiversity � Global change � Ontogeny �
Stress � Woody encroachment

Introduction

Encroachment of woody vegetation into grassland com-

munities and the resultant conversion of these communities

into closed canopy forests is an increasingly common

phenomenon (Archer 1989; Van Auken 2000; Peterson and

Reich 2001; Roques et al. 2001; Silva et al. 2001; Fensham

et al. 2005), and grassland-dominated landscapes are
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increasingly rare globally (Hoekstra et al. 2004). Species

compositional shifts caused by woody encroachment into

grasslands have important implications for community

dynamics and ecosystem properties, such as carbon (C)

storage and nitrogen (N) cycling (Post et al. 1982; Reich

et al. 2001b; Jackson et al. 2002; McCulley et al. 2004;

Knapp et al. 2008; McKinley and Blair 2008; Barger et al.

2011). While regional distributions of woody plants appear

to be co-constrained by large-scale differences in precipi-

tation and fire regimes (Staver et al. 2011), local success of

woody plants in grasslands is strongly associated with a

change in disturbance regime that favors woody plants over

herbaceous species, such as fire suppression (Van Auken

2000; Roques et al. 2001; Silva et al. 2001) or increased

grazing pressures by cattle (Archer et al. 1995; Brown and

Archer 1999). However, recent evidence suggests that

altered resource availability associated with global envi-

ronmental changes [e.g., decreasing biodiversity and

increasing atmospheric carbon dioxide (CO2), and N

deposition] may also drive woody encroachment into

grasslands; the role of these factors and their interactions

remain, however, poorly understood (Archer et al. 1995;

Van Auken and Bush 1997; Polley et al. 2003; Davis et al.

1999; Dickie et al. 2007; Classen et al. 2010).

Increased global extinction rates and loss of biodiversity

(e.g., Vitousek et al. 1997) may substantially alter grass-

land community composition. Specifically, loss of plant

diversity at the patch scale may affect how plant species

interact in positive (e.g., facilitation) and negative (e.g.,

competitive) ways; we outline these changes below.

Competition The relationship between diversity and

productivity is complex and feeds back on itself at different

spatial scales (Bengtsson et al. 2002). For example, macro-

scale plant species richness patterns are a function of

regional productivity gradients (Abrams 1995; Chase and

Ryberg 2004; but see Adler et al. 2011). Conversely, at

local scales, increasing levels of plant diversity drive

increased production of biomass (Tilman et al. 2001; Reich

et al. 2001a, 2012; van Ruijven and Berendse 2003;

Roscher et al. 2005; Isbell et al. 2011; Zhang et al. 2012)

because higher diversity communities contain a larger

number of species with unique traits (Reich et al. 2012) and

competition strategies. As increasing numbers of species

co-occur in an assemblage, their complementary resource

acquisition strategies use overall resource pools more

completely. This complementary resource use results in

greater community-level biomass (Tilman et al. 1997b)

and, consequently, the community itself becomes less

susceptible to colonization (Kennedy et al. 2002).

For the purposes of this study, we focus on the well-

established positive relationship between local species

richness and biomass production (Tilman et al. 2001; Reich

et al. 2001a; van Ruijven and Berendse 2003; Roscher et al.

2005; Isbell et al. 2011; Zhang et al. 2012). We predict that

when applied to woody encroachment into grasslands,

declining levels of herbaceous species diversity associated

with global change can drive lower levels of biomass

production (Schnitzer et al. 2011) and decreased competi-

tion for resources (Tilman et al. 1997a, b). Decreased plant

diversity may therefore lead to increased susceptibility to

woody encroachment (Naeem et al. 2000; Kennedy et al.

2002; Fargione and Tilman 2005).

Facilitation Loss of herbaceous species diversity may also

alter facilitative interactions between plants. Survival rates

of young plants tend to increase with increasing canopy

cover, particularly in ecosystems that experience extreme

abiotic conditions (Bertness and Callaway 1994; Miriti

2006; Cuesta et al. 2010; Bustamente-Sanchez et al. 2011;

Farrer and Goldberg 2011). This facilitation effect is due to

amelioration of the microclimate under higher density can-

opies (Callaway 1995; Callaway and Walker 1997; Cuesta

et al. 2010; Bustamente-Sanchez et al. 2011). The strength of

facilitation likely increases with increasing species diversity

because higher diversity assemblages usually have increased

canopy cover (Tilman et al. 2001). However, there is little

empirical evidence to support a direct relationship between

plant diversity and facilitation (but see Bruno et al. 2003 and

Bulleri et al. 2008 for theoretical discussion).

Other global change factors, such as increased CO2 and

N deposition, also alter resource availability and can have

interactive effects on woody encroachment into grasslands.

For example, elevated atmospheric CO2 appears to benefit

woody seedlings grown alone in water-limited environ-

ments (Davis et al. 2007) and may help explain past woody

range expansions (Kgope et al. 2009), particularly in the

presence of fire (Bond and Midgley 2000). Elevated CO2

increases plant water use efficiency (WUE), which should

increase soil water availability (Polley et al. 2003; Reich

2009; Adair et al. 2011). Because woody plant establish-

ment is often restricted by low soil water availability

(Staver et al. 2011), an increase in soil moisture due to

increased WUE may stimulate woody encroachment into

grasslands. However, when soil water is limiting, increased

soil water availability should also influence the growth of

herbaceous species, although to our knowledge no study

has assessed how CO2 and herbaceous species richness

simultaneously affect woody–herbaceous plant interac-

tions. Finally, recent research has shown that past increases

in atmospheric CO2 concentrations may have strongly

controlled woody encroachment into grasslands when

atmospheric CO2 was relatively low (180 ppm) but that

CO2 may not be such a strong driver of woody success

under current conditions (approx. 370 ppm at the time of

this experiment; Kgope et al. 2009).
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N deposition often increases aboveground herbaceous

productivity (Reich et al. 2001a, c) and reduces both light

and soil water availability in herbaceous vegetation

(Tilman 1987). The effect of N deposition may limit oak

establishment due to increased competition for light and/or

water. Indeed, these indirect effects of N addition reduce

woody plant growth and survival in grasslands in central

Minnesota (Davis et al. 1998, 1999), and this effect

depends on herbaceous productivity (Dickie et al. 2007).

To date, most studies have examined woody encroachment

into grasslands by manipulating only one or two factors in

isolation, and the interacting effects of these global change

factors, while potentially substantial, are largely unknown.

We examined the simultaneous roles of herbaceous

species richness, elevated CO2, and N enrichment on bur

oak seedling survival and growth in Minnesota, USA. Bur

oaks (Quercus macrocarpa) and pin oaks (Q. ellipsoidalis)

are common woody colonizers in grasslands in this region

and are therefore appropriate candidates to address general

trends in woody encroachment. We tested the following

four hypotheses: (1) decreasing herbaceous species diver-

sity decreases oak survival rates due to loss of the facili-

tative effects of a more diverse, higher canopy cover plant

community; (2) decreasing herbaceous diversity increases

resource availability and therefore promotes oak growth

due to lack of competition from neighboring plants; (3)

CO2 enrichment increases oak performance (both survival

and growth) due to increased soil water availability; (4) N

deposition decreases oak performance by increasing her-

baceous productivity and thus increasing competition for

other limiting resources.

Materials and methods

Study site and experimental design

We conducted this study within the framework of the

Biodiversity, CO2, and N (BioCON) experiment at the

Cedar Creek Ecosystem Science Reserve, located in central

Minnesota. Soils at this site consist of nutrient-poor glacial

outwash sand plain with low water- and nutrient-holding

capacity (Reich et al. 2001a). Species richness levels in

natural prairie communities at this field site range from

approximately four species to 16 species per 0.5-m2 plot,

and aboveground biomass (AGB) ranges from approxi-

mately 50 to 150 g/m2 (Knops 2006). Natural communities

are dominated by Schizachyrium (C4 grass, accounts for

69–76 % of all aboveground biomass in prairies). Several

other species of C3 grasses are also common (Poa prat-

ensis, Panicum oligosanthes, and Agrostis scabra), and

Rumex acetosella (forb) and Andropogon gerardii (C4

grass) can be found in high abundances (Knops 2006).

Mean annual precipitation at Cedar Creek is 78 ± 7.5 cm

[95 % confidence intervals (CI) for 1982–2009], while

mean annual precipitation over the course of our study

(2001–2004) was 79.9 ± 12.9 cm (95 % CI, no significant

difference in rainfall from long-term average).

The BioCON experiment utilized six circular 20-m

diameter plots; three are enriched to 560 lmol mol-1 of

CO2, which is pumped from a ring of PVC tubes using a

free air CO2 enrichment system (FACE), while three con-

trol plots (hereafter referred to as ‘‘rings’’) received

approximately 370 lmol mol-1 of CO2, which was the

ambient atmospheric CO2 level at the time of the experi-

ment. The level of 560 lmol mol-1 of CO2 was based on

International Panel on Climate Change models for pro-

jected CO2 concentrations by the year 2100. Nested within

the rings are herbaceous species diversity and N treatments

that subdivide the plots into 359 2 9 2-m square subplots.

To manipulate species diversity, these plots were planted

with 12 g m-2 of seed of one, four, nine, or 16 species in

1997. Herbaceous species composition in each of these

diversity treatments was randomly assigned from a pool of

16 species, representing four species from each of four

functional groups (4 C3 grasses, 4 C4 grasses, 4 legumes,

and 4 non-N fixing herbaceous plants). Species mixes were

maintained with planted species only (although not re-

seeded) using hand weeding. Within each ring, 21–22

subplots were planted using one species, 20–21 were

planted with four species, ten subplots with nine species,

and eight subplots with 16 species (total of 59–61 subplots

per ring, 6 rings). For each diversity level, half of the plots

had either N added in dry granules annually (4 g N m-1

year-1 as NH4NO3) or no N added.

In each of the 359 plots, we sampled herbaceous bio-

mass (above and belowground) each June and August from

2001 to 2004. Aboveground biomass was clipped in

10 9 100-cm strips at the soil surface and never sampled

less than 15 cm from plot boundaries (to avoid edge

effects). Belowground biomass was sampled to a depth of

100 cm using three 5-cm cores in the same area as the

vegetation clip strips (see Reich et al. 2001c for more

details). Biomass sampling was conducted in different

areas of plots for every sampling date of this study. We

recorded soil volumetric water content monthly between

May and October 2001–2004 using time domain reflec-

tometry and percentage light transmission below the can-

opy monthly between May and October 2001–2004 using a

1-m integrated photosynthetically active radiation sensor

(Li-Cor Biosciences, Lincoln, NE). In June and August of

2001 and 2002, we measured available soil N (in the forms

of nitrate and ammonium) in each plot by collecting four

soil cores at 0–20 cm depth, extracting N using 1 M KCl,

and analyzing the N content using an element analyzer

(Costech Technologies model 4050; Valencia, CA)
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according to Dijkstra et al. (2005). All measurements taken

over the course of this experiment (above- and below-

ground biomass, soil moisture, percentage light transmis-

sion, and soil N) were averaged across all sampling dates in

order to obtain a single plot-level average over time.

Oak performance

In October 2001, we collected and germinated recently

fallen acorns from multiple local adult bur oak trees at the

Cedar Creek Ecosystem Science Reserve. We combined and

homogenized the acorns and planted three germinated seeds

in each of the 359 2 9 2-m subplots. In June 2002, we

recorded oak survival and the number of leaves per plant. In

August 2002, we recorded plant survival, height, and the

number of leaves per plant. In August 2004, we recorded

survival, height, diameter, and the number of leaves per plant

and then harvested all surviving individuals. We estimated

aboveground oak biomass over the course of the study using

an allometric relationship that we derived using the field

measurements and aboveground dry mass from the final

harvest [June 2002 AGB (in grams) = -0.277 ? (0.338 9

leaves), r2 = 0.805, P \ 2.2e-16, n = 227; August 2002

AGB (in grams) = -0.837 ? (0.112 9 height) ? (0.281 9

leaves), r2 = 0.835, P \ 2.2e-16, n = 227].

Statistical analysis

Base models

We analyzed oak survival using a generalized linear

mixed-effects model (GLMM) for repeated measures with

a multinomial distribution (SAS PROC GLIMMIX; SAS

Institutie, Cary, NC). In this model, each 4-m2 plot was the

experimental unit, and the probability of survival was

based on the number of oak seedlings surviving in each

plot (0–3 possible survivors). This base model included N

addition, species richness, CO2 enrichment, and all first

order interactions as fixed effects, and ring nested within

CO2 as a random effect (follows Reich et al. 2001a). The

three sampling dates were treated as repeated measures,

and each 4-m2 plot was included as the subject. We ana-

lyzed growth (AGB of surviving seedlings per 4-m2 plot)

over time using a similarly structured mixed-effects model

with a normal distribution (SAS PROC MIXED). Biomass

was log-transformed to normalize residuals.

Covariate models

We evaluated the explanatory power of herbaceous bio-

mass, percentage light transmission below the herbaceous

vegetation, soil moisture, and soil N concentrations on oak

performance by including these measures as covariates. For

both growth and survival, we constructed separate models,

including all covariates in isolation as well as all combi-

nations of covariates. We compared these covariate models

to the base models described above using Akaike Infor-

mation Criteria (AIC).

We present AIC scores for all GLMM’s in the Elec-

tronic Supplementary Material (ESM) and only report on

the best-fit model throughout the ‘‘Results’’ and ‘‘Discus-

sion’’. We use frequentist statistical tools (P values) to

better interpret the contribution of each experimental main

effect (N, CO2, and species richness), as well as interac-

tions between main effects and covariates in this best-fit

GLMM. We use this mixed statistical approach as it best

utilizes the statistical tools available while still making the

results interpretable to the broadest possible audience

(Bolker et al. 2009).

Results

There was only one significant pair-wise interaction

between main effects in our analyses (CO2 9 species

richness effect on oak growth). We therefore present the

results separately by treatments and discuss the

CO2 9 species richness interaction at the end of the CO2

results. There were no significant effects of N treatment on

either survival (Table 1) or growth (Table 2), so no further

results regarding this treatment are presented.

Table 1 The effects of species richness, carbon dioxide addition,

nitrogen addition, and first and second order interactions on oak

survival over time

Effect dfa F P

Species richness 3, 342 3.04 0.0293*

Carbon dioxide (CO2) 1, 4 5.43 0.0803

Nitrogen (N) 1, 342 0.19 0.6623

Species richness 9 CO2 3, 342 1.18 0.3192

Species richness 9 N 3, 342 2.45 0.0637

CO2 9 N 3, 342 0.12 0.7330

Richness 9 CO2 9 N 3, 342 0.49 0.6877

Time 2, 342 73.69 \0.0001*

Time 9 species richness 6, 342 0.23 0.9681

Time 9 CO2 2, 342 8.56 0.0002*

Time 9 N 6, 342 0.14 0.8703

* Significant results at P \ 0.05

This generalized linear mixed model (GLMM) was fit with a multi-

nomial error distribution
a Denominator degrees of freedom (df) = 4 for the main effect of

CO2 and reflects the inclusion of CO29 ring as a random effect
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Species richness

The best main-effect predictor of both oak survival and

growth was herbaceous species richness (Tables 1, 2,

respectively). Oak survival was lowest (34 %) in the

monoculture plots and highest (54 and 49 %) in the most

species rich plots (9- and 16-species, respectively) (Fig. 1;

Table 1). These responses were evident within 8 months of

planting the oaks (by June 2002) and did not change sig-

nificantly between June 2002 and the harvest date in

August 2004.

The surviving oak seedlings grew equally well across

species richness levels during the first 8 months of the

experiment, at which point seedlings in higher diversity

treatments nearly stopped growing, while seedlings in

single-species plots continued to grow (Table 2). By the

final sampling date, oak growth (measured as total

aboveground biomass per plant) was more than fourfold

greater in herbaceous monoculture plots than in high spe-

cies richness plots (averaged across CO2 treatments;

Fig. 2).

Elevated CO2

Atmospheric CO2 enrichment had an initial positive effect

on oak survival in June 2002, but the strength of the effect

was weak by August 2004, resulting in a significant CO2

enrichment by time interaction on oak survival

(F2,342 = 8.56, P = 0.0002) (Table 1; Fig. 3). There were

no interactions between CO2 and any of the other main

effects on oak survival.

CO2 enrichment had no effect on oak growth rates

averaged across sampling dates (Table 2). However, there

was a significant CO2 enrichment by time interaction

(F2,205 = 3.24, P = 0.0412) because seedlings grown in

Table 2 The base model (without covariates) and the best-fit model

(with covariates) examining the effects of species richness, CO2

addition, and N addition on oak growth over time

Effect dfa Without

covariates

With

covariates

F P F P

Species richness 3, 205 8.60 \0.0001* 1.85 0.1401

CO2 1, 4 2.15 0.2168 0.28 0.6226

N 1, 205 0.35 0.5559 0.25 0.6169

Species

richness 9 CO2

3, 205 2.83 0.0395* 2.57 0.0556

Species

richness 9 N

3, 205 0.77 0.5118 1.25 0.2913

CO2 9 N 1, 205 0.10 0.7478 0.51 0.4755

Richness 9 CO2 9 N 3, 205 0.90 0.4433 2.09 0.1032

Time 2, 205 39.98 \0.0001* 40.59 \0.0001*

Time 9 species

richness

6, 205 8.28 \0.0001* 7.98 \0.0001*

Time 9 CO2 2, 205 3.24 0.0412* 2.82 0.0617

Time 9 N 2, 205 0.52 0.5961 0.54 0.5808

Nitrate 1, 205 – – 69.45 \0.0001*

Moisture 1, 205 – – 1.35 0.2468

* Significant results at P \ 0.05
a Denominator degrees of freedom are shown for the model including

covariates. For the model not including covariates, denominator degrees of

freedom for all effects other than CO2 = 207. In both models, denomi-

nator df = 4 for the main effect of CO2 and reflects the inclusion of CO29

ring as a random effect

Species richness
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Fig. 1 Proportion of oaks surviving in one-, four-, nine-, and 16-spe-

cies plots. Bars: mean ± standard error (SE) of the raw proportion

survival measurement. Displayed results are averaged across sampling

dates. Tukey tests for multiple comparisons between diversity levels

were not possible using the generalized linear mixed model (GLMM)

with a multinomial distribution in the SAS program; for this reason

letters indicating significance between groups are not displayed
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Fig. 2 Final aboveground biomass of oak seedlings in relation to

planted species richness at two carbon dioxide (CO2) levels.

Decreased oak growth due to herbaceous diversity was determined

using Tukey–Kramer multiple comparisons and is denoted using

letters (a vs. b). Due to significant interactions between CO2

enrichment and species richness, differences in oak growth at

different levels of CO2 enrichment were also determined using

Tukey–Kramer multiple comparisons and are denoted using asterisks
(double asterisks vs. asterisks)
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CO2 enriched plots grew less than in ambient plots in the

latter part of the study (Table 2). There was also a signifi-

cant species richness 9 CO2 enrichment interaction, driven

mostly by the significantly greater growth of oaks in her-

baceous monoculture plots under ambient CO2 conditions

(Table 2; Fig. 2). Further, the two-way interactions

between species richness and time, CO2 and time, and

species richness and CO2 indicate that the significantly

greater growth in the monoculture plots (one-species) by

August 2004 was almost exclusively due to older oaks

growing in ambient CO2 conditions (Fig. 2).

Covariate models

Oak survival The best-fit and most parsimonious model for

oak survival was the base model that included only the

manipulated factors, with no covariates included (AIC =

18723.08; ESM 1). This finding indicates that none of the

variables measured in the experiment either added additional

explanatory power beyond that already included by species

richness and CO2 enrichment or better explain survival

responses if these measures co-vary with treatments.

Oak growth The best-fit and most parsimonious model

for oak growth included soil moisture and extractable soil

nitrate as covariates (AIC = -742.6; ESM 1). Soil nitrate

explained the largest amount of growth variance, and the

combination of reduced soil moisture and reduced soil

nitrate explained the reduced oak growth found in high

diversity plots, enriched CO2 plots, and the CO2 9 time

interaction (Table 2).

Discussion

Our results support the hypotheses that loss of plant

diversity and atmospheric CO2 enrichment influence

woody encroachment into grassland ecosystems. Impor-

tantly, the CO2 results and species richness results appear

to describe opposing trends because the drivers are moving

in opposite directions in the natural world (decreasing

species richness and increasing CO2). However, the

mechanisms that underlie both patterns are very similar,

with increased CO2 and increased species richness both

increasing herbaceous biomass which (1) increases

belowground competition for resources and (2) increases

facilitation of early plant survival under a more diverse

plant canopy.

Hypotheses 1 and 2: decreased herbaceous species

diversity limits early oak survival but promotes oak

growth later in development

Our findings demonstrate that herbaceous species diversity

facilitates early oak seedling survival. We suggest that this

diversity effect is due to the amelioration of plant stress

under more diverse herbaceous canopies where tempera-

ture, humidity, and shallow soil moisture may be buffered

by increased herbaceous cover. For the purposes of our

experiment, we measured herbaceous biomass, and found

that it did not directly explain a significant proportion of

the growth response or the survival response (ESM 1).

Although we did not measure the micro-climate variables

directly related to facilitation in 2001–2004, we did mea-

sure some of them in 2010 in these same plots to better

understand our results. This more recent work demon-

strated that increasing herbaceous diversity slightly

increased surface soil moisture (0–6 cm) in 16-species

plots compared with one-species plots and that higher

diversity plots were, on average, 1.7 �C cooler than one-

species plots. This interpretation (of amelioration of sur-

face stress by higher diversity communities) is further

corroborated by results from 2006 in BioCON, where

during a dry summer, soil moisture at a depth of 0–17 cm

was slightly higher in diverse plots than monocultures,

whereas in deeper horizons, increasing diversity reduced

soil moisture (Adair et al. 2011). Further work should be

conducted in this area to show a direct causal relationship

between micro-climate variables and plant facilitation at

this site.

Positive facilitative relationships between aboveground

cover and seedling survival have been documented in

grasslands (Dickie et al. 2007), shrublands (Cuesta et al.

2010), and temperate forest gaps (Montgomery et al. 2010),

although evidence for a relationship between herbaceous

cover and shrub invasion in southwestern arid grasslands of

the USA is varied (Van Auken and Bush 1997; Brown and

Archer 1999; Van Auken 2000). In those examples where

herbaceous biomass has been found to increase seedling

survival, aboveground cover protects small seedlings from
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Fig. 3 Oak survival at two CO2 levels, averaged over the three

sampling dates. Bars: mean ± SE of the raw proportion survival

measurement. Tukey tests for multiple comparisons between different

levels of CO2 and time were not possible using the GLMM with a

multinomial distribution in the SAS program; for this reason letters

indicating significance between groups are not displayed
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some type of environmental severity (e.g., extreme tem-

peratures, increased surface soil drying, and increased rates

of evapotranspiration). Aboveground cover may be par-

ticularly important for smaller/younger seedlings, which

tend to have less well-developed root systems and less non-

structural C reserves to survive short periods of stress

(Niinemets 2010). As plants grow in size, their root sys-

tems become more developed, and they become less sus-

ceptible to short periods of extreme abiotic conditions.

Indeed, we found a facilitative effect of herbaceous

diversity for small oak survival, but following initial

establishment, loss of plant diversity did not further

decrease the survival of larger oak seedlings. We predict

that this was likely because larger seedlings were less

susceptible to environmental stressors.

Surviving oaks in low-diversity plots grew rapidly after

the first year, which was due to a greater availability of soil

N and soil moisture in the absence of strong competition

from neighbors (Table 2). Indeed, soil moisture is one of

the most important factors determining regional range

limits for woody species (Staver et al. 2011; but see Brown

and Archer 1999). In contrast, oaks in higher diversity plots

grew very little after the first 8 months because of intense

competition for soil resources from herbaceous plants

(Table 2). We propose that the increase in competition

intensity with oak age is due to greater absolute resource

requirements as oaks grow (and decreasing influence of

resources from acorns; Ovington and MacRae 1960).

Increased resource requirements as plants grow should

result in increased growth limitations, which was evident

for the oldest plants growing in the highest diversity plots.

Soil N is the most limiting resource in grasslands at this

field site (Tilman 1987), and limited availability of

extractable soil nitrogen (nitrate) was the best covariate

predictor of oak growth at each individual time point

(Table 2). This resulted in little difference in oak growth

between diversity levels at the beginning of the study due

to little need for N, but significantly less growth of oaks in

high-diversity plots over time.

This fits well with evidence that herbaceous species

richness is positively related to biomass production in

grasslands (Tilman et al. 2001; Reich et al. 2001a; van

Ruijven and Berendse 2003; Roscher et al. 2005; Isbell

et al. 2011) and that this often leads to decreased avail-

ability of resources at higher levels of plant diversity

(Tilman et al. 1997b; Dijkstra et al. 2005; Reich 2009).

Further, work on woody encroachment patterns in the

semi-arid southwestern USA demonstrates a similar pattern

between woody growth limitation and belowground com-

petition for resources. While woody growth does not

appear to be significantly affected by aboveground or

overall competition in these systems (usually attributed to

grazing, not diversity; Brown and Archer 1989; Van Auken

and Bush 1997; Brown and Archer 1999), there is strong

evidence that woody seedlings compete heavily with her-

baceous species for belowground resources (Van Auken

and Bush 1997) and that this may affect woody

encroachment patterns.

Hypotheses 3 and 4: CO2 enrichment increases oak

performance due to increased soil water availability

and N deposition decreases oak performance due

to increased herbaceous productivity and competition

for other limiting resources

Contrary to our original hypothesis, our data demonstrate

that the effect of CO2 enrichment on woody encroachment

is not consistently positive, but instead also depends on oak

ontogenetic stage. Atmospheric CO2 enrichment had a

positive effect on oak survival at the beginning of the study

and a negative effect on growth of surviving oaks, espe-

cially at low levels of plant diversity. The positive effect of

CO2 enrichment on early oak survival may have been the

result of higher herbaceous biomass in high CO2 plots

(12 % higher than in ambient CO2 plots; Reich et al.

2001a) and amelioration of surface soil moisture in high

CO2 plots (Adair et al. 2011). Although there was no direct

effect of herbaceous biomass on oak survival or growth

(ESM 1), increased herbaceous cover in elevated CO2 plots

may have reduced abiotic stress for the germinating oak

acorns under the denser herbaceous canopy. This pattern

also emerged early on in oak development when oaks were

smaller and likely more vulnerable to abiotic stressors,

such as heat and drought (Niinemets 2010).

Subsequently, the positive CO2 effect for survival

transitioned to competition for resources as the oaks grew.

CO2 enrichment decreased longer term oak growth rates

because older seedlings in CO2-enriched plots experienced

more intense competition for resources, which limited oak

growth over time. The enhanced oak growth effect was

most evident in ambient CO2–monoculture plots, where

competition intensity was lowest due to low competition

from both low herbaceous diversity and a lack of CO2

fertilization (which in combination resulted in lower her-

baceous biomass than in plots with higher diversity or

elevated CO2).

The negative effect of CO2 enrichment on oak growth is

surprising and important in the context of recent work on

the singular effect of CO2 enrichment on woody

encroachment (Bond and Midgley 2000; Polley et al. 2003;

Davis et al. 2007; Staver et al. 2011). These recent studies

suggest that CO2 enrichment should have positive effects

on overall trends in woody encroachment (Davis et al.

2007) due to enhanced WUE (Polley et al. 2003) and

subsequent access to limiting soil moisture (Staver et al.

2011), as well as to increased total C availability for woody
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species that need to invest large amounts of energy towards

re-sprouting after fire (Bond and Midgley 2000). Our

results suggest that as oaks encroach into grasslands, her-

baceous species may respond quickly to increased CO2

enrichment and grow more due to the CO2 fertilization

effect. When oaks arrive into higher biomass grasslands

following increases in levels of atmospheric CO2, they may

be more limited by competition from greater herbaceous

biomass than they are facilitated by CO2 enrichment (e.g.,

Davis et al. 2007). We predict that while possibly this has

strong implications for how we interpret future trends of

woody encroachment in grasslands, past trends in woody

encroachment may have been more strongly controlled by

increasing levels of atmospheric CO2 due to the greater

response potential at lower levels of CO2 (Kgope et al.

2009).

Also contrary to our original hypothesis, N addition had

no detectable effect on oak survival or growth over time.

The reason for this is unclear, but may be in part due to the

lower concentrations of N applied compared with similar

studies at this site (Davis et al. 1999) and the impact of

these on the multiple resource factors that are important

(light, water, and N). For example, the BioCON N addition

strongly increased soil N pools, but also increased com-

petition for those pools (Reich et al. 2001a; Reich 2009),

while also slightly decreasing soil water supply (Reich

2009; Adair et al. 2011) and increasing light transmission

(through a compositional shift towards vertical grasses;

Reich 2009). It is possible that in terms of impacts on oak

performance, increased root competition (Davis et al. 1998,

1999; Reich 2009) and lower soil water content (Reich

2009; Adair et al. 2011) offset possible positive impacts of

greater soil N pools and higher light availability (Reich

2009).

Synthesis

Woody encroachment into grassland communities is a

widespread phenomenon that drives changes in community

and ecosystem-level processes. Our findings demonstrate

that the simultaneous loss of herbaceous plant diversity and

increasing atmospheric CO2 concentrations associated with

global environmental change will affect oak encroachment

into grasslands. Due to the divergent trajectories of species

richness and atmospheric CO2 concentrations (decreasing

species richness and increasing CO2 concentrations), these

results indicate that woody encroachment will be affected

in divergent ways and that those divergent effects will

themselves vary depending upon the oak life stage and

process in question.

In this experiment, survival was 15–20 % lower in

herbaceous monoculture than in high-diversity plots. Thus,

if local plant diversity is driven to a low level, oak estab-

lishment may become increasingly rare. However, atmo-

spheric CO2 enrichment may counteract this trend; in our

experiment, a CO2 doubling buffered the survival reduction

in low-diversity plots and increased initial oak survival by

approximately 14 %. The magnitude of species loss paired

with the degree of atmospheric CO2 enrichment will

determine the actual outcome of these trends for early oak

establishment.

For oaks that establish, however, decreased plant

diversity may prove beneficial. We found that surviving

oaks grew twice as much in one-species plots than they did

in 16-species plots. Oak growth was only modestly coun-

teracted by a CO2 doubling (17 % growth reduction in

lower diversity plots). Further, the actual conversion of

these grasslands into closed canopy forests will depend

heavily on oak growth: past research has shown that woody

encroachment rates are strongly controlled by the ability of

oaks to grow into larger size classes and eventually escape

from under the herbaceous canopy (Bond and Midgley

2000). The strong growth advantage of oaks growing in

lower diversity plots, regardless of CO2 concentrations,

suggests that loss of species richness may have an overall

positive effect on woody encroachment in lower diversity

grassland patches.

In a broader theoretical context, our findings support

the notion that both competition and facilitation are

operating in these plant communities. Young plants are

particularly sensitive to severe environmental conditions

and thus benefit from the facilitative effects of higher

total community biomass, which can ameliorate harsh

environmental conditions. As plants grow and become

less susceptible to environmental stress in terms of sur-

vival, however, the positive effects of facilitation diminish

and resource competition becomes a stronger determinant

of plant growth and, hence, longer term plant perfor-

mance. Thus, overall community composition in these

grasslands may be structured by a balance that promotes

the establishment of colonizers in areas of high plant

diversity through facilitation, but this higher diversity

later limits overall growth through increased interspecific

competition.
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