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Abstract Global environmental changes can have imme-
diate impacts on plant growth, physiology, and phenology.
Long-term effects that are only observable after one or
more generations are also likely to occur. These transgener-
ational effects can result either from maternal environmen-
tal effects or from evolutionary responses to novel selection
pressures and are important because they may alter the ulti-
mate ecological impact of the environmental change. Here,
we show that transgenerational effects of atmospheric car-
bon dioxide (CO,) and soil nitrogen (N) treatments influ-
ence the magnitude of plant growth responses to elevated
CO, (eCO,). We collected seeds from Lupinus perennis,
Poa pratensis, and Schizachyrium scoparium populations
that had experienced five growing seasons of ambient CO,
(aCO,) or eCO, treatments and ambient or increased N
deposition and planted these seeds into aCO, or eCO, envi-
ronments. We found that the offspring eCO, treatments
stimulated immediate increases in L. perennis and P. prat-
ensis growth and that the maternal CO, environment
influenced the magnitude of this growth response for
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L. perennis: biomass responses of offspring from the eCO,
maternal treatments were only 54% that of the offspring
from the aCO, maternal treatments. Similar trends were
observed for P. pratensis and S. scoparium. We detected
some evidence that long-term N treatments also altered
growth responses to eCO,; offspring reared from seed from
maternal N-addition treatments tended to show greater pos-
itive growth responses to eCO, than offspring from ambient
N maternal treatments. However, the effects of long-term N
treatments on offspring survival showed the opposite pat-
tern. Combined, our results suggest that transgenerational
effects of eCO, and N-addition may influence the growth
stimulation effects of eCO,, potentially altering the long-
term impacts of eCO, on plant populations.
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Introduction

The environment is rapidly changing on a global scale,
largely as a result of anthropogenic pressures. Plant popula-
tions are likely to respond to global changes in the short-
term with plastic changes in phenotype. For example,
numerous studies have documented immediate increases in
plant growth in response to elevated atmospheric carbon
dioxide (eCO,) concentrations and nitrogen (N) fertiliza-
tion (Bazzaz 1990; Reich et al. 2001a; Poorter and Navas
2003; Niklaus and Korner 2004; Reich et al. 2006). Long-
term responses that only become apparent after one or more
generations are also possible. These transgenerational
effects can result from maternal environmental effects,
which occur when the environmental conditions experi-
enced by parents influence offspring traits (Roach and
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Wulff 1987; Rossiter 1996), or from genetic changes in
response to altered patterns of natural selection. Regardless
of the underlying cause, transgenerational effects may
either increase (e.g., Bezemer et al. 1998; Reale et al. 2003)
or decrease (e.g., Huxman et al. 1998, 2001) the initial phe-
notypic response to the environmental change. Thus, the
two types of transgenerational effects (maternal environ-
mental and genetic) may alter the long-term predicted
effects of environmental change on natural communities.
Maternal environmental effects commonly occur in both
plant and animal species when the maternal environment
influences resource allocation to offspring. One example of
this is when parents occupy resource-rich habitats:
offspring size and subsequent growth and fitness are often
increased relative to the offspring of parents inhabiting
more stressful environments (e.g., Durrant 1958; Aarssen
and Burton 1990; Trombulak 1991; reviewed in Rossiter
1996). Maternal environmental conditions can also influ-
ence a wide range of other offspring characters, including
anti-predator defenses (Agrawal et al. 1999) and physiolog-
ical traits (Huxman et al. 2001; reviewed in Rossiter 1996).
As a result, maternal effects can impact population dynam-
ics (e.g., Ginzburg and Taneyhill 1994), responses to abi-
otic stress (Aarssen and Burton 1990), and interactions with
other community members, such as herbivores and compet-
itors (Agrawal etal. 1999; Platenkamp and Shaw 1993).
Maternal environmental effects also can influence plastic
responses to variation in the offspring environment (e.g.,
Aarssen and Burton 1990; Bezemer et al. 1998; Huxman
et al. 2001). For example, offspring from maternal plants
that had experienced nutrient stress were smaller and ger-
minated later in both low and high nutrient environments,
but they also exhibited greater tolerance to low nutrient
conditions (Aarssen and Burton 1990). In another example,
offspring of plants grown in eCO, environments showed an
increased growth response to eCO, compared to offspring
from plants grown in ambient CO, (aCO,) environments
(Bezemer et al. 1998). As these studies illustrate, the mater-
nal effect can result in reduced or heightened plastic
responses to offspring environmental conditions.
Populations also might evolve in response to the novel
selection pressures that may accompany environmental
change, resulting in a very different type of long-term effect.
While maternal environmental effects typically decrease over
time and often become non-detectable after one or a few gen-
erations or even over the course of the offspring life cycle
(Roach and Wulff 1987), genetic changes in response to
novel environmental conditions are likely to persist longer,
even if organisms are no longer exposed to that environment.
Adaptive evolutionary changes are expected to reduce any
negative fitness effects of the environmental perturbation;
however, these evolutionary changes also have the potential
to influence population dynamics (e.g., Yoshida et al. 2003,
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2004), ecosystem processes (Wieneke et al. 2004; Collins
etal. 2006), interactions with other community members
(Snaydon and Davies 1982; Lau etal. 2008), and, most
importantly, the magnitude of response to the environmental
change itself (Snaydon 1970; Snaydon and Davies 1972,
1982) (reviewed in Hairston et al. 2005).

We have assessed how transgenerational effects of long-
term CO, and N treatments influence the magnitude of the
growth response to eCO, concentrations. We first tested
how offspring eCO, treatments impact plant growth and
survival and then examined how maternal CO, and N envi-
ronments affect plant growth and growth responses to
offspring CO, treatments. Finally, we investigated how
maternal CO, and N treatments impact resource allocation
to seeds and whether differences in seed mass can explain
any of the observed transgenerational effects.

Materials and methods
Study system and experimental design

We investigated transgenerational effects of eCO, and soil
N deposition on the growth of Schizachyrium scoparium
(Poaceae), Poa pratensis (Poaceae), and Lupinus perennis
(Fabaceae). These three species represent different func-
tional groups (C, grass, C; grass, and legume, respectively)
that are expected to respond differently to eCO, and
N-addition. We performed a partial reciprocal transplant
experiment in which we planted seeds collected from popu-
lations growing in long-term atmospheric CO, and soil N
treatments into aCO, and eCO, environments. Long-term
CO, and N treatments were manipulated in a modified split-
plot design as part of the BioCON experiment at Cedar
Creek Natural History Area, Minnesota, USA (Reich et al.
2001a). In the BioCON experiment, biodiversity (plant spe-
cies richness), CO,, and N are all experimentally manipu-
lated. The two CO, treatments (aCO, approx. 370 pmol/
mol; eCO, approx. 560 umol/mol) were applied to whole
plots (three 20-m-diameter rings per treatment) using Free
Air CO, Enrichment. Nitrogen treatments (0 or 4 g N m?/
year) were applied to half of the 2 x 2-m sub-plots within
each whole plot (i.e., ring). Carbon dioxide and N treat-
ments have been applied annually since 1998. Only seeds
from the high-diversity (16 plant species) treatment plots
were used in this study (n = 48 plots, four plots per N treat-
ment per ring). In 1997, each high-diversity plot was
seeded with 12 g/m? of seed, divided equally among 16
species that were native or naturalized to the site. All seeds
were bulked collections, obtained from local nurseries: S.
scoparium seed were obtained from Prairie Restorations
(Princeton, MN); L. perennis seeds were obtained from the
Prairie Moon Nursery (Winona, MN).
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Seeds used in this study were collected from a single
maternal plant per species from each plot, resulting in 12
half-sib families from each maternal CO, x N treatment.
All seeds were collected in the fall of 2002, after treatments
had been applied for five full growing seasons. Even though
all plants used in this experiment are perennial species,
because plots were initially established from seed, evolu-
tionary responses could result from differential survival of
the initial stand of seedlings as well as from genotypic
differences in sexual reproduction and recruitment from
seed in subsequent years.

Planting design and plant measurements

Seeds were initially planted into 164-ml conetainers (Ray
Leach Conetainers; Stuewe & Sons, Corvallis, OR) that had
been filled with potting mix (Sunshine Mix #5; Sun Gro
Horticulture Canada, Spruce Grove, AB) and bottom-
watered until saturated. For S. scoparium and L. perennis,
we planted four seeds (all from a single maternal family)
per conetainer on 24 April 2006, placed the conetainers in a
dark cold-room for 8 days at 4°C, and then moved them to a
greenhouse (ambient CO,) where they remained until the
seeds began to germinate. For L. perennis, we planted one
seed per conetainer on 5 May 2006. Lupinus perennis seeds
were scarified and soaked overnight prior to planting to
improve germination, but L. perennis individual plants
were not inoculated with rhizobia. Because we germinated
all plants under aCO, conditions, we unfortunately missed
eCO, effects on germination and very early seedling
growth; however, germinating the plants in this way was
necessary for facilitating the germination of a fourth spe-
cies used in a separate experiment conducted simulta-
neously. All plants were moved to the field and placed into
the appropriate offspring CO, treatment in the BioCON
facility on 7 May 2006. We placed two conetainers from
each maternal family into each ring (six conetainers per
family per offspring CO, treatment). A total of 1728 cone-
tainers were planted (12 conetainers per family x 48 mater-
nal families per species x 3 species); however, because of
poor germination, which was likely due to the poor quality
and limited numbers of some seed, actual sample sizes
were much lower (final n = 236, 135, or 264 conetainers for
L. perennis, S. scoparium, and P. pratensis, respectively).
Sample sizes were roughly equivalent across most maternal
environment x offspring environment treatment combina-
tions for most species, and there were no missing cells (i.e.,
treatment combinations with no data; n=20-41 plants/
treatment combination for L. perennis; n=25-39 for P.
pratensis, and n="7-26 for S. scoparium). However, we
report statistics based on Type 3 sums of squares to further
minimize biases due to unequal sample sizes between treat-
ments (Shaw and Mitchell-Olds 1993).

We weighed each individual L. perennis seed prior to
planting. Additionally, we obtained family mean seed mass
for S. scoparium and P. pratensis by weighing all collected
seeds from a given maternal plant and dividing by seed
number. For all three species, we recorded emergence date,
and on 10 July 2006 we measured the height of the tallest
culm and culm number for S. scoparium and P. pratensis
and leaf number and leaf size (length of longest leaflet) for
L. perennis. After 3 months of growth, when foliage was
beginning to turn brown, we harvested aboveground bio-
mass. For S. scoparium and L. perennis, we also harvested
the belowground biomass (P. pratensis roots were difficult
to separate from the soil) and measured the length of lon-
gest root (L. perennis) or belowground biomass (S. scopa-
rium). All biomass was dried at 60°C for at least 2 days
prior to weighing. Because four grass seeds were planted
into each conetainer, many conetainers contained multiple
individuals; all plants in a conetainer were weighed
together to obtain total biomass, and heights and culm num-
bers were averaged for all analyses. Survival was assessed
at the final harvest.

Statistical analysis

All analyses were performed using SAS 2001 statistical
software (SAS Institute, Cary N.C.).

We used mixed model multivariate analysis of variance
(MANOVA; PROC GLM) and ANOVA (PROC MIXED)
to determine how both the offspring and maternal growing
environments influenced plant growth and plant respon-
siveness to eCO,. Data for each species were analyzed sep-
arately. The N and CO, treatments that the seeds were
collected from (“maternal N treatment” and “maternal CO,
treatment”), the CO, treatment in which the experimental
plants were reared (“offspring CO, treatment”), and all
interactions were included in the model as fixed factors.
Ring nested within the offspring CO, treatment and mater-
nal family nested within the maternal N x maternal CO,
interaction were included as random factors. Emergence
date and seed mass were included as covariates in the L.
perennis analyses. Mean emergence date, family mean seed
mass, and number of individuals per conetainer were
included as covariates in the P. pratensis and S. scoparium
analyses. Preliminary analyses revealed that seed mass did
not significantly influence any P. pratensis or S. scoparium
growth measures; therefore, it was not included in the final
analyses. Results from models including covariates were
qualitatively similar to results from additional analyses that
did not include the seed character covariates, so only results
from the full model are presented. For L. perennis, final
aboveground biomass, root length, leaf number, and leaf
length were included as response variables. For the grasses,
final aboveground biomass, root biomass (S. scoparium
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only), culm number, and height were included as response
variables.

The effects of maternal CO, and N treatments and
offspring CO, treatment on survival were tested with logis-
tic ANOVA (Proc GENMOD). In these analyses, maternal
CO, treatment, maternal N treatment, offspring CO, treat-
ment, and all interactions were included as predictor vari-
ables, and the proportion of germinants in each pot
surviving to harvest was the response variable. For L.
perennis, however, survival was scored as a binomial
response variable since only one seed was planted per pot.
Emergence date and seed mass were included as covariates.
As above, data for each species were analyzed separately.

Because maternal environmental effects often result
from differences in resource allocation to offspring, we used
ANOVA (PROC MIXED) to investigate how maternal CO,
and N treatments influenced the mass of field-collected
seeds used in the reciprocal transplant experiment. For L.
perennis, the model included maternal CO, and maternal N
treatments as fixed factors, and maternal family nested
within the maternal CO, x maternal N interaction as a ran-
dom factor. Individual seed mass was the response variable.
For S. scoparium and P. pratensis, the mean family seed
mass was the response variable, and maternal CO, and
maternal N treatments were included as predictor variables.

Results
Direct phenotypic effects of CO,

Compared to aCO, treatments, offspring eCO, treatments
increased L. perennis biomass by 42%, leaflet length by
17%, and leaf number by 12% (Table 1; Fig. 1a). Similarly,
eCO, increased P. pratensis biomass, height, and culm
number by 116, 44, and 31%, respectively (Table 1;
Fig. 1b). In contrast, S. scoparium, the C, grass, did not
respond significantly to eCO, (Table I; Fig. 1c). These
results are consistent with prior results for these three spe-
cies in BioCON (Reich et al. 2001b) as well as with those
from other studies demonstrating that species in the C,
functional group tend to show weaker responses to eCO,
(Poorter and Navas 2003). On average, offspring eCO,
treatments increased P. pratensis survival by 21% but did
not significantly influence L. perennis or S. scoparium sur-
vival (P > 0.3) (Table 2; Fig. 2).

Transgenerational effects of CO, and N
Effects of maternal CO, environment

Offspring response to eCO, was strongly influenced by the
maternal CO, environment in L. perennis (significant
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maternal CO, x offspring CO, interaction; Table 1).
Offspring from aCO, maternal treatments showed greater
biomass increases in response to eCO, than offspring from
eCO, maternal treatments (Fig. 3). While this difference
was only statistically significant for L. perennis, P. praten-
sis and S. scoparium showed similar trends (Fig. 3). The
biomass stimulation effect of offspring eCO, treatments on
plants from eCO, maternal environments (averaged across
N treatments) was only 54, 26, or 72% that of offspring
from aCO, maternal treatments for L. perennis, S. scopa-
rium, and P. pratensis, respectively (Fig. 3). A significant
maternal CO, environment x offspring CO, environment
interaction also was detected for P. pratensis culm number
in the univariate analysis, where genotypes from eCO,
maternal treatments showed only 34% of the growth
response to offspring eCO, compared to genotypes from
aCO, maternal treatments (Table 1). The maternal CO,
environment had minimal impacts on other traits (Table 1).
We also did not detect any significant effects of maternal
CO, environment or interactions between maternal CO,
and offspring CO, treatments on the survival of any species
(Table 2).

Effects of maternal N environment

Although the multivariate analyses revealed little evidence
that maternal N environment affects L. perennis and S.
scoparium growth or growth responses to eCO,, maternal
N environment x offspring CO, environment interactions
were detected for L. perennis root length and for S. scopa-
rium height (Table 1). For both species, offspring from
maternal N-addition treatments exhibited greater positive
growth responses to offspring eCO, treatments. Lupinus
perennis individuals reared from seed collected from ambi-
ent N maternal treatments had shorter root lengths when
reared under eCO, than when reared under aCO,, but root
lengths of plants reared from N-addition maternal treat-
ments responded positively to eCO, offspring treatments (a
3% decrease compared to a 9% increase). Similarly, S.
scoparium from ambient maternal N environments
responded to offspring eCO, treatments with decreases in
height (a 6% decrease), but individuals from N-addition
maternal environments were 16% taller when grown in
offspring eCO, than when grown in the aCO, treatments.
Greater positive biomass responses to eCO, for S. scopa-
rium from N-addition maternal treatments were also
observed (Fig. 1c), although this interaction was not statis-
tically significant (P > 0.15). Additionally, maternal N and
maternal CO, treatments interacted to influence the growth
response of P. pratensis to offspring eCO, treatments. A
significant three-way interaction between maternal CO,
environment, maternal N environment, and offspring CO,
environment was detected in the multivariate analysis of
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Table 1 Effects of maternal CO, and N treatments, offspring CO, treatment and all interactions on Lupinus perennis, Poa pratensis, and Schiz-
achyrium scoparium growth measures

L. perennis MANOVA Biomass Root length Leaf length Leaf number
Pillai df F value F value F value F value F value
CO, ofipring () 0.98 4,1 15.99 79,02 %55 0.89 92,12k 9.60*
CO, Maternal (M) 0.13 4,37 1.36 3.33 0.02 0.23 0.24
Ntatemal 0.11 4,37 1.15 1.10 0.12 0.48 1.05
CO40 X COpy 0.15 4,72 3.26% 7 24 0.58 0.56 1.32
CO,or X Ny 0.06 4,72 0.31 0.04 6.55% 2.40 1.64
CO, X Ny 0.06 4,37 0.58 0.90 221 1.87 0.17
COy X COpy X Ny 0.05 4,72 1.04 0.65 0.12 0.19 2.82
Germination date 0.15 4,63 2.78%* 403750k 0.49 6.39* 20,1755
Seed mass 0.13 4,63 2.27 7.86%* 0.73 0.01 2.28
Ring(CO,0p) 0.19 16,264 0.82 7 =0.0 =10 7 =0.0 7=0.1
Family(CO, y; x Ny,) 2.17 160,264 1.95% k% = 44% =26 12 = 12.0%5 12 = 10,255
P. pratensis MANOVA Biomass Culm height Culm number
Pillai daf F value F value F value F value
CO, ofiepring (0) 0.95 3.2 11.96 41.36%* 41.5] k5% 8.30%
CO, Maternal (M) 0.05 3,35 0.60 0.03 0.03 0.00
Ntatemal 0.01 3,35 0.17 0.45 0.38 0.02
CO40 X COny 0.08 3,57 1.59 1.51 0.00 4.00%
CO,or X Ny 0.01 3,57 0.27 0.04 0.06 1.33
CO, X Ny 0.07 3,35 0.94 4.12% 0.12 3.91
CO,0p X COny X Ny 0.13 3,57 2.88% 0.89 0.41 0.04
Germination date 0.19 3,17 1.30 4] 37wk 3.97% 20,7455
Plants per pot 0.75 3,17 17.13%%%* 22.76%*** 1.00 3.45
Ring(CO,0p) 0.71 12,57 1.47 7=0.1 7=0.0 7=1.0
Family(COyy x Ny 2.22 111,57 1.46 =22 1= 4.6 =0.0
S. scoparium MANOVA Biomass Root mass Culm height Culm number
Pillai daf F value F value F value F value F value
CO, ofipring () 0.80 4,1 1.00 1.04 0.04 0.79 0.00
CO, Maternal (M) 0.15 4,30 1.34 0.00 0.14 0.00 1.09
Ntatemal 0.06 4,30 0.47 2.76 0.37 1.61 0.25
CO,0 X COpy 0.06 4,32 0.55 0.48 0.37 0.72 0.63
CO,0 X Ny 0.05 4,32 0.42 2.09 0.01 4.36% 1.01
CO, X Ny 0.04 4,30 0.19 1.15 0.55 0.35 0.02
CO,0p X COny X Ny 0.08 4,32 0.67 0.00 0.15 0.11 0.25
Germination date 0.65 4,11 5.02% 0.34 0.81 0.16 0.09
Plants per pot 0.65 4,11 5.18% 14.21 %% 10.24%% 0.02 7.16%%
Ring(CO,0p) 1.19 16,56 1.49 =02 =03 7=0.0 7 =0.0
Family(CO,y, x Ny 3.02 132,56 1.30 =01 2 =0.0 1 =3.0% =00

MANOVA, Multivariate analysis of variance
* P <0.05, **P <0.01, ***P < 0.001, ****P < (0.0001

P. pratensis growth traits (Table 1), but because no signifi-
cant three-way interactions were detected in the univariate
analyses, this effect was likely due to joint effects on multi-
ple traits. In general, the effects of maternal CO, environment

on the response to offspring CO, environment tended to be
greater for P. pratensis from N-addition maternal environ-
ments. For P. pratensis from ambient N maternal treat-
ments, plants from aCO, and eCO, maternal treatments
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Fig. 1 Effects of offspring CO, treatments on aboveground biomass of
Lupinus perennis (a), Poa pratensis (b), or Schizachyrium scoparium
(c) populations collected from maternal aCO, (open symbols) vs. eCO,
(filled symbols) and N-addition (squares) vs. ambient N (circles) treat-
ments. Values shown are least-squares means £+ 1SE. Symbols are off-
set so that non-overlapping error bars can be easily observed

showed similar increases in biomass in response to
offspring eCO, treatments. For P. pratensis from N-addi-
tion maternal treatments, however, the growth stimulation
effects of offspring eCO, treatments were greater on plants
from aCO, maternal treatments than on those from eCO,
maternal treatments, and a marginally significant maternal
CO, x offspring CO, interaction on biomass was detected
for offspring from the maternal N-addition treatment
(Fys54=3.55, P=0.065), but not for offspring from the
ambient N maternal treatment (F o = 0.08, P = 0.78).
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Averaged across offspring and maternal CO, treatments,
L. perennis offspring reared from seeds collected from N-
addition maternal environments had a lower survival than
offspring from seeds from ambient N maternal environ-
ments (mean &= SD: N-addition 0.81 £ 0.40; ambient N
0.90 £ 0.30, Table 2). Poa pratensis survival showed simi-
lar, but non-significant, patterns (N-addition 0.48 £ 0.49;
ambient N 0.60 £ 0.49, P <0.12). No significant main
effect of maternal N environment on survival was detected
for S. scoparium (P >0.5); however, we detected signifi-
cant interactions between maternal N environment and
offspring CO, environment on S. scoparium survival
(Table 2). Genotypes from maternal N-addition treatments
showed reduced survival in eCO, offspring environments
compared to aCO, offspring environments, whereas geno-
types from ambient N maternal treatments showed
increased survival in offspring eCO, treatments (Fig. 2c).
Furthermore, these effects were heightened when plants
were collected from eCO, maternal environments (Fig. 2c;
significant CO, offspring x CO, maternal x N maternal
interaction, Table 2).

Effects of maternal CO, and N environments on seed mass

We did not detect any evidence that maternal N treatment
affected seed mass of our study species; however, maternal
CO, treatment affected L. perennis and S. scoparium seed
mass. Lupinus perennis seeds from eCO, maternal environ-
ments were heavier than those from aCO, maternal envi-
ronments (mean seed mass £ SE: aCO, 8.0 %+ 0.9 mg;
eCO, 11.0 £ 0.9 mg; F, 44 =6.13, P=0.017). Schizachy-
rium scoparium showed the opposite pattern, and seeds
from aCO, environments were heavier than seeds from
eCO, environments (mean seed mass =+ SE: aCO,
1.6 = 0.06 mg; eCO, 1.3 &= 0.07 mg; Fis= 7.62, P =0.04).
Differences in seed mass that resulted from the maternal
environment did not, however, explain the differences in
offspring responses to CO,. For L. perennis, seed mass was
positively correlated with biomass, but seed mass did not
affect biomass response to offspring CO, treatments (no
seed mass x offspring CO, interaction was detected,
Fi15,=074, P=0.39), and significant maternal
CO, x offspring CO, interactions were detected even when
seed mass was included in the analyses as a covariate
(Table 1). Mean family seed mass did not significantly
influence any growth trait in S. scoparium or P. pratensis
and also did not affect biomass responses to offspring eCO,
treatments (seed mass x offspring CO, interaction: S.
scoparium Fy g¢ = 0.26, P = 0.61; P. pratensis F 119 = 2.01,
P = 0.16), although seed mass affected P. pratensis survival
(Table 2). Results from analyses including germination
date and seed mass as covariates were very similar to those
from analyses that did not include these covariates. Thus,
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Table 2 Effects of maternal CO, and N treatments, offspring CO, treatment and all interactions on L. perennis, P. pratensis, and S. scoparium

survival

L. perennis P. pratensis S. scoparium

7 P value 7 P value 7 P value
CO; oiispring (0) 0.01 0.90 10.04 0.0015%* 0.75 0.39
CO, Maternal (M) 0.02 0.90 0.48 0.49 1.06 0.30
NMaternal 4.09 0.04* 2.46 0.12 0.20 0.66
CO,05 X COyy 0.33 0.57 0.01 0.93 0.81 0.37
CO,05 X Ny 0.00 0.96 0.48 0.49 8.98 0.0027%*
CO, y X Ny 0.75 0.39 0.14 0.71 230 0.13
CO,0 X COyy x Ny 2.62 0.11 0.10 0.75 4.92 0.0265%*
Germination date 3.37 0.07 32.20 <0.00071#*%** 0.01 0.93
Seed mass 0.00 0.99 62.76 <0.00071**** 0.98 0.32

* P <0.05, #P <0.01, #*P < 0.001, ¥**¥**P < 0.0001

Values shown are chi-square statistics and associated P values from a logistic ANOVA. The proportion of germinates surviving to the final harvest

was the response variable

these results are consistent with differences in seed mass
between maternal treatments not being responsible for the
differences in offspring responses to CO,.

Discussion

Increases in resource availability as a result of rising atmo-
spheric CO, concentrations and increased N deposition are
expected to stimulate primary productivity. This prediction
has been supported by field studies in a variety of natural
communities, although biomass increases often depend on
community composition and the availability of other nutri-
ents (Reich et al. 2001a; Niklaus and Korner 2004; Norby
et al. 2005; Rasse etal. 2005; see also Korner 2003).
Because many growth chamber, greenhouse, and even field
experiments involve only a single generation of plants,
most studies are not of long enough duration to include the
contribution of transgenerational effects to the magnitude of
treatment response. However, as we have demonstrated
here, increased resource availability can cause maternal
effects or evolutionary responses that could either increase
or decrease the plastic growth responses observed in single
generation experiments.

Lupinus perennis and P. pratensis plants grown in eCO,
were larger than those grown in aCO,, but plants grown
from seeds collected from maternal eCO, environments
responded less to offspring eCO, treatments than those
grown from seeds collected from maternal aCO, environ-
ments. Thus, the transgenerational effect reduced the plastic
phenotypic growth response to eCO,. Similar trends were
observed for S. scoparium. Huxman et al. (2001) also found
that maternal environmental effects of eCO, reduced the
positive effects of offspring eCO, treatments on the growth

of Bromus madritensis ssp. rubens. While we observed few
statistically significant transgenerational effects of N-addi-
tion on plant growth or survival, we detected some evi-
dence that plant genotypes collected from N-addition
maternal treatments showed greater (more positive) growth
responses to offspring eCO, treatments than genotypes col-
lected from ambient N maternal treatments. For P. praten-
sis survival, however, the opposite pattern was observed,
and genotypes from N-addition maternal treatments exhib-
ited lower survival under offspring eCO, treatments, while
genotypes from ambient N maternal treatments experienced
increased survival in eCO, offspring treatments.
Transgenerational effects may influence long-term
responses to global environmental changes. Based on
within-generation plastic growth responses to eCO,, eCO,
is predicted to increase primary productivity (i.e., the
“eCO, fertilization effect”). This increased productivity is
expected to increase the effectiveness of the terrestrial CO,
sink, thereby slowing the rate of increase in atmospheric
CO, concentration (Hungate etal. 1997; Cramer et al.
2001). The transgenerational effects that we observed, how-
ever, suggest that the magnitude of the growth response to
eCO, will decrease over time. Thus, estimates of biomass
increases based on short-term plastic growth responses may
overestimate the magnitude of the CO, fertilization effect
by as much as 50%. If N-deposition continues to increase
along with atmospheric CO, concentrations, however, the
positive transgenerational effects of N-addition on plant
growth response to offspring eCO, treatments may
ameliorate some of the decrease in CO, responsiveness—
although the magnitude and direction of transgenerational
effects differed across traits (growth vs. survival), and some
of the positive transgenerational effects of N-addition on
growth responses to eCO, may be offset by the negative
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Fig. 2 Effects of offspring CO, treatment on survival of L. perennis
(a), P. pratensis (b), or S. scoparium (c) populations collected from
maternal ambient CO, (aCO,; open symbols) vs. elevated CO, (eCO,;
filled symbols) and N-addition (squares) vs. ambient N (circles) treat-
ments. Values shown are raw means £ 1SE. Symbols are offset so that
non-overlapping error bars can be easily observed

transgenerational effects of N-addition on survival in eCO,
offspring environments.

Because all seeds were germinated in a common green-
house environment, the effects of offspring CO, environment
on germination and early growth may have been missed. It is
our belief, however, that germinating all seeds in a common,
relatively benign environment likely had minimal impacts on
the observed maternal environment x offspring environment
interactions, especially since the magnitude of the maternal
effects increased over time (data not shown). Additionally,
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Fig. 3 Effects of maternal CO, environment on the percentage bio-
mass stimulation effect of offspring eCO, treatments for L. perennis, S.
scoparium, or P. pratensis. For all species, genotypes from aCO,
maternal environments (white bars) tended to respond more to off-
spring eCO, treatments than genotypes from eCO, maternal environ-
ments (black bars)

because we used field-collected seeds that were not propa-
gated for one or more generations in a common environment,
we were unable to differentiate between maternal environ-
mental effects and evolutionary responses. Including seed
mass and germination date in our analyses did not qualita-
tively alter the patterns that we observed, suggesting that the
observed transgenerational effects were not primarily driven
by differences in seed provisioning or germination timing.
Seed nutrient concentrations were not measured, however,
and are also potential sources of maternal environmental
effects. Seeds produced from plants reared under eCO, and
ambient N conditions might be expected to have lower nutri-
ent (N) concentrations that could result in reduced respon-
siveness to eCO,. It is also plausible that genetic changes that
have occurred over the five growing seasons of enhanced
CO, and N also contributed to changes in eCO, responsive-
ness: plant populations growing in the long-term CO, and N
treatments could have diverged genetically if N or CO, alter
patterns of natural selection or the expression of genetic vari-
ation. While limited work has investigated how soil N influ-
ences predict evolutionary trajectories, a few examples
suggest that eCO, can influence plant evolution, although the
magnitude of these evolutionary effects is often weak (Baz-
zaz et al. 1995; Steinger et al. 2007). In contrast, a study by
Lau et al. (2007) detected little evidence for direct evolution-
ary effects of eCO,.

In our experiment, species representing different func-
tional groups seemed to differ in the magnitude of the trans-
generational effect. There are at least three potential
explanations for these differences among species. First, spe-
cies differ in the magnitude of ecological response to eCO,
(reviewed in Poorter and Navas 2003). In our experiment,
we detected no evidence that eCO, stimulated the growth of
S. scoparium, a C, plant. In contrast, both L. perennis and



Oecologia (2008) 158:141-150

149

P. pratensis responded positively to eCO,. If there is no
plastic growth response to eCO,, then it seems less plausi-
ble that eCO, will alter resource allocation to seeds, thus
minimizing the potential for maternal environmental
effects. Second, species differed in the expression of family-
level variation of growth traits and growth response to CO.,.
Maternal family explained significant amounts of variation
in three of four measured L. perennis growth traits
(Table 1); in contrast, significant family effects were
detected in P. pratensis and S. scoparium only for culm
heights (Table 1). These results suggest that while L. peren-
nis may possess the genetic variation required for rapid
evolutionary responses, genetic variation for most P. prat-
ensis and S. scoparium growth traits may be lacking in
these populations. Finally, interspecific differences in mat-
ing system and gene flow, life history, and generation time
could all have influenced the likelihood of evolutionary
change occurring over the relatively small temporal and
spatial scales that these treatments have been applied.

Interestingly, Bezemer et al. (1998) document transgen-
erational effects of eCO, on the C3 grass Poa annua that are
in the opposite direction of the transgenerational effects
found in our study. While basic biological differences
between P. annua and the species used in this study may
contribute to these contrasting results, methodological
differences, including differences in the duration of mater-
nal treatments, could also play a role. In the Bezemer et al.
(1998) study, maternal treatments were applied for a single
generation, and seeds used in the offspring generation were
collected from all plants in the population (not just the most
fecund). Thus, the intensity of selection was relatively low,
the potential for genetic change during the experiment was
minimal, and the observed transgenerational effect was
likely primarily a maternal environmental effect. In our
study, genetic changes that may have occurred in response
to five growing seasons of eCO, and N-addition treatments
also could have contributed to the observed transgenera-
tional effects and potentially could have counteracted any
maternal environmental effects that were in the opposing
direction.

In conclusion, our results suggest that transgenerational
effects of maternal CO, environments may decrease plant
growth responses to future eCO, conditions. Predictions of
the long-term effects of eCO, on natural communities are
typically based on biomass responses to short-term treat-
ments that cannot assess transgenerational effects. Ignoring
these multi-generation effects, however, could potentially
bias predictions of future biomass and ecosystem responses
to eCO, or other global changes.
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