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Whether the terrestrial biosphere will continue to act as a net
carbon (C) sink in the face of multiple global changes is question-
able. A key uncertainty is whether increases in plant C fixation
under elevated carbon dioxide (CO,) will translate into decades-long
C storage and whether this depends on other concurrently changing
factors. We investigated how manipulations of CO,, soil nitrogen
(N) supply, and plant species richness influenced total ecosystem
(plant + soil to 60 cm) C storage over 19 y in a free-air CO, enrich-
ment grassland experiment (BioCON) in Minnesota. On average,
after 19 y of treatments, increasing species richness from 1 to 4, 9,
or 16 enhanced total ecosystem C storage by 22 to 32%, whereas N
addition of 4 g Nm~2 - y~" and elevated CO, of +180 ppm had only
modest effects (increasing C stores by less than 5%). While all treat-
ments increased net primary productivity, only increasing species
richness enhanced net primary productivity sufficiently to more
than offset enhanced C losses and substantially increase ecosystem
C pools. Effects of the three global change treatments were gener-
ally additive, and we did not observe any interactions between CO,
and N. Overall, our results call into question whether elevated CO,
will increase the soil C sink in grassland ecosystems, helping to slow
climate change, and suggest that losses of biodiversity may influ-
ence C storage as much as or more than increasing CO, or high rates
of N deposition in perennial grassland systems.
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nly about half of anthropogenic carbon (C) emissions accu-

mulate in the atmosphere, while the rest are stored by oceans
and the terrestrial biosphere (1, 2). However, model projections of
terrestrial C cycling in the face of climate change are highly var-
iable, and whether the terrestrial biosphere will continue to act as
a global net C sink is questionable (1, 3). A key uncertainty relates
to whether the rise in atmospheric carbon dioxide (CO,) con-
centration is being slowed by enhanced photosynthesis and sub-
sequent C storage in plants and soils (1). Moreover, other factors,
such as soil nitrogen (N) availability, species composition, species
diversity, climate warming and associated precipitation change,
and altered disturbance rates may impact terrestrial C sinks and
constrain how terrestrial ecosystems respond to elevated CO,
(eCOy) (4-11).

Elevated CO, increases C fixed via photosynthesis and stimu-
lates plant growth in a wide variety of species (4, 5, 12). Additional
C acquisition under eCO, can enhance plant and soil C pools, the
latter by increasing plant-derived C inputs to soils, reducing litter
quality and thereby slowing litter decomposition rates, and/or by
stimulating physical protection of soil organic matter (SOM) from
microbial decomposition (13-15). However, some studies have
observed no C accumulation under eCO, (16-21).

Conflicting results among studies have called into question
whether short-term enhancement of plant C uptake under eCO,
(i.e., over days or years) will translate into long-term (i.e., de-
cades or more) ecosystem C storage. The net impact of eCO, on
ecosystem C storage depends on the balance between eCO, ef-
fects on net primary productivity (NPP) and on losses of C through
microbial respiration and other pathways such as leaching, fire, and
herbivory. To mitigate climate change over the long term (decades
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to centuries to millennia), some additional C captured under eCO,
must be transferred to biomass or SOM pools with slow turnover
times (i.e., wood or physically or chemically protected SOM)
(22, 23). However, eCO, has been observed to increase the
partitioning of C to rapidly cycling pools of labile C (e.g., roots, root
exudates, and detritus), resulting in enhanced C loss via soil respi-
ration (17-19, 22, 24, 25). Elevated CO, can also increase soil
moisture via enhanced plant water-use efficiency, thereby stimu-
lating microbial decomposition and C loss (26). In ecosystems that
are fire prone or that undergo managed fire regimes, like grasslands
and savannas, enhanced biomass under eCO, may also increase fuel
load and thus fire intensity and spread, thereby enhancing fire-
mediated C losses (10, 20, 27, 28).

Moreover, limited N availability often constrains positive re-
sponses of photosynthesis and plant growth to eCO; (4, 5, 8, 29) as
N is a key driver of photosynthesis and productivity (30, 31).
Under ambient CO,, additional N inputs have been shown to
promote C storage by increasing plant-derived C inputs to soils via
litter and root production (32) and/or by suppressing organic
matter decay (33). Under eCO,, N addition often alleviates down-
regulation of photosynthetic and growth responses (4, 5, 8), po-
tentially enhancing positive effects of eCO, on plant productivity
and soil C accumulation (13).

Plant species richness can also affect ecosystem C accumulation
and interact with eCO, and soil N supply (6, 34). Increased species
richness has been shown to promote soil C storage in various
grassland biodiversity experiments via enhanced productivity,
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belowground C allocation, and changes in microbial communities
(35-42). For instance, at a companion experiment in Minnesota,
increasing grassland species richness from 1 to 2, 4, 8, or 16 species
following agricultural abandonment increased soil C storage by 60
to 178% due to greater aboveground and root biomass inputs (35).
In a long-term grassland biodiversity experiment in Germany,
higher plant diversity increased soil C storage by enhancing rhi-
zosphere inputs of recently fixed C and increasing microbial bio-
mass C (38, 40, 42). Plant growth responses to eCO, and N
addition may be stronger in more diverse plots (6, 34), potentially
fueling interactive effects with diversity on ecosystem C accumu-
lation. However, to our knowledge, no field experiment other than
that described herein concurrently manipulates CO,, soil N supply,
and species richness.

It remains unclear whether the eCO,-induced increases in plant
C fixation commonly observed in short-term studies will translate
into long-term C storage and whether this depends on soil N supply
and/or species richness. We addressed this gap in understanding
using the free-air CO, enrichment experiment BioCON (6, 8),
which concurrently manipulates CO,, N supply, and species rich-
ness in a frequently burned Minnesota grassland. Here, we used
measurements of total soil C stocks to a depth of 60 cm coupled
with long-term biomass, measures of aboveground and below-
ground NPP, and plant tissue chemistry data to assess how ma-
nipulations of COZ (ambient, +180 ppm) soil N supply (ambient,
+4 g Nm™ -y ), and planted species richness (1, 4, 9, or 16
species) have influenced total ecosystem C accumulation over 19 y.
In herbaceous systems that lack substantial woody biomass and
where aboveground biomass C turns over annually, C storage is
expected to occur primarily in soils (43). We expected this system to
be in the aggrading stage of perennial vegetation growth following
establishment of the experiment and to therefore accumulate C over
time (35, 37).

Our global change treatments represent and span realistic sce-
narios for grassland ecosystems over the next seven or eight de-
cades. We acknowledge it is challenging to project each factor with
equal confidence and we make comparisons across experimentally
selected treatments carefully. Our eCO, treatment simulates at-
mospheric concentrations projected to be reached by the end of
the century (44). Our N addition treatment simulates high rates of
N deposition experienced in industrialized regions of the Northern
Hemisphere and biomass burning regions in the tropics, and pro-
jections of N deposition rates over the next few decades are re-
gionally variable and dependent on changes in emission regulations
(45-48). The N treatment can also be used to understand variation
in soil fertility; for example, the difference in N input rate between
the control and N treatment is comparable to the range in net N
mineralization rates between less fertile sites (frequently burned
savannas) and more fertile forests within 1 km of our study site
(49). Our species richness treatments span much of the range of
diversity in native and anthropogenic grasslands in central Min-
nesota. As noted in Reich et al (50), nearby native grasslands av-
eraged 16.3 species per 1.0 m? sampled, whereas BioCON plots
planted with 16 species tend to have 9 to 11 species per 0.1 m?
sampled, due in part to local extinctions in 1nd1V1dual plots and
sampling only a small fraction of each 4 m? plot In contrast,
postagrlcultural restored grasslands averaged 3.5 species (range 1 to
8) per 1.0 m* sampled (45). Our treatments with 16 planted species
are thus roughly representative of high-diversity native vegetation,
while our 1 and 4 species planted treatments have diversity similar
to low-diversity grasslands of anthropogenic origin. Grassland spe-
cies richness is projected to decline substantially by the year 2100
because of climate change and other human disturbances (51), and
the range of losses we simulate is relevant to both climate-driven,
local-scale species losses experienced by natural grasslands (52) and
more severe losses associated with land-use change (51). Our range
of species richness levels is also relevant to grassland restoration,
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where managers must weigh the economic and ecological effects of
planting monocultures versus diverse mixtures (e.g., ref. 53).

Conceptually, on a timescale of two decades, eCO,, N addition,
and increasing species richness could each increase ecosystem C
accumulation because of enhanced NPP (i.e., enhanced plant-
derived soil C inputs) (13, 15, 32, 35). However, pathways of C
loss can also be stimulated, offsetting potential gains in ecosystem
C (20, 22, 24, 25). Model projections of C storage by the end of the
century show that grassland C storage may increase, decrease, or
remain unchanged under future atmospheric composition and cli-
mate (3, 54, 55). Part of this uncertainty is due to a lack of empirical
grounding for model assumptions regarding effects of global change
factors on C cycling (56, 57). Here, the longevity of our experiment
and factorial design allow us to empirically assess predictions of
grassland C storage by the end of the century.

We constructed hypotheses about total ecosystem C responses to
two decades of CO,, N, and species richness treatments in part
based on a rich body of previous work performed in BioCON re-
lated to responses of biomass and C cycling to these treatments.
After 4 y of treatments in a subexperiment of BioCON (including
only 1 and 4 species plots), N addition, but not eCO,, modestly
increased total soil %C (measured to a depth of 20 cm) (58). The
lack of an eCO, effect early in the experiment could reflect a
balance between soil C inputs and losses in low-diversity plots;
however, changes in soil C may take years to become apparent,
may occur below a depth of 20 cm, and may be stronger with higher
species richness. Past work in this experiment also indicated that
these treatments stimulated both ecosystem C inputs and losses
(based on measurements of photosynthesis, biomass, respiration,
and fire-induced losses; 6, 8, 12, 20, 24, 34, 59, 60); for instance,
early C gains in response to treatments were completely offset by
greater fire-mediated C losses in years when biomass was burned,
likely because enhanced litter production increased fuel loads (20).
However, responses of soil C inputs and losses to global changes
may be dynamic, driving periods of net positive, negative, and
neutral C accumulation. Based on this prior work in the BioCON
experiment, we hypothesized (H1) that neither eCO, nor N ad-
dition would substantially enhance total ecosystem C pools be-
cause increased soil C inputs would be largely offset by enhanced
C losses. In contrast, we hypothesized (H2) that total ecosystem C
pools would increase with species richness, more so over time, as
increased species richness enhanced biomass several-fold more
than did enriched CO; or N in this experiment (6). We also hy-
pothesized (H3) that effects of eCO,, N addition, and species
richness would be synergistic (i.e., more than additive) because of
past work demonstrating resource colimitation and interactions
with diversity for biomass production (6, 61). For instance, sub-
stantial positive effects of eCO, on total ecosystem C might only
be apparent at high levels of species richness or N.

Results

Total Ecosystem C. As hypothesized, after 19 y, increasing species
richness increased total ecosystem C more than did eCO, or N
addition (Fig. 1). All treatment effects on total ecosystem C were
relatively modest (<10%) after 5 y of treatments (Fig. 2). The effect
of species richness, however, grew substantially by 2007 (after 10 y
of treatments) and then remained relatively stable (Fig. 2) despite a
reversal in the direction of C accumulation over time in all treat-
ments (Fig. 3). By contrast, effects of eCO, and N addition
remained modest throughout the experiment (Table 1, SI Appendix,
Table S1, and Fig. 2). Thus, we focus on responses in the final
measurement year (2016) here (Fig. 1). In terms of main effects, on
average in 2016, increasing species richness from 1 to 4, 9, ot 16
species enhanced total ecosystem C storage by 949 g C m 2.yt
(+22%), 1,094 g Cm™2 - y™' (+25%), and 1,360 g C m™2 -y~
(+32%), respectively, supportmg H2 (SR: P < 0.0001, Table 1,
SI Appendix, Table S1, and Fig. 14). The species richness effect was
nonlinear (i.e., total ecosystem C increased more going from 1 to 4
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Fig. 1. Mean total ecosystem C in response to increasing species richness
(A), eCO, (B), and increased N supply (C) in 2016, after 19 y of treatment
application. Total ecosystem pools are broken up into components: soils to
60 cm (brown, Bottom), root biomass to 20 cm (blue, Middle), and above-
ground biomass (green, Top). Means were averaged across other treatments
in all cases (e.g., mean for eCO, is across all levels of species richness and N).
The error bars represent + 1 SE for total ecosystem C. n = 258.

species than from 4 to 9 or 9 to 16 species, Figs. 1 and 2 and S/
Appendix, Fig. S1). Enriched N increased total ecosystem C by
190 g Cm™2 -y~ (+4%) on average in 2016 (N: P = 0.007, Table 1,
SI Appendix, Table S1, and Fig. 1C). Given the modest main effect
size, these results support our hypothesis that N addition would not
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substantially increase total ecosystem C (H1). There was no main
effect of CO, on total ecosystem C, as predicted (H1; Table 1, SI
Appendix, Table S1, and Fig. 1B). On average in 2016, eCO, in-
creased total ecosystem C by 97.7 g Cm™ -y~ (+2%).

Effects of treatments on total ecosystem C were generally ad-
ditive (Table 1), with no interactions involving CO, x N. We did
observe small CO, effects on total ecosystem C in monocultures
early in the experiment and in 9- and especially 16-species plots
later in the experiment, lending some modest support to H3
(year X CO, x SR: P = 0.005, Table 1, SI Appendix, Table S1, and
Fig. 3 A-D).

Time strongly influenced total ecosystem C, irrespective of
treatments, particularly in mixtures (Fig. 3 A-H, year: P =
0.0001, Table 1 and SI Appendix, Table S1). Total ecosystem C
increased with time initially but then declined (Fig. 3 A-H).
Differences in total ecosystem C from one time interval to the
next ranged from —436 to +511 g C m™ on average across treat-
ments, with an ultimate net mean difference of +129 g C m™ from
2002 to 2016. These patterns were driven by soil C, which accumu-
lated at a rate of 58 g C m~2 - y ™! on average over the first 15 y of the
experiment before declining (Fig. 3 I-P). The highest rate of soil C
accumulation occurred between years 5 to 10 at 120 g C m™> -y~
on average.

Soil and Plant C Pools. Patterns in total ecosystem C were driven by
soil C pools, which made up 90% of total ecosystem C; thus,
effects on total ecosystem C described above reflect those for soil
C (Fig. 3, Table 1, and SI Appendix, Table S1).

Total plant C pools (aboveground tissues + roots to 20 cm
depth) accounted for only 10% of total ecosystem C on average
(Fig. 1) and increased in response to all treatments (Table 1 and
SI Appendix, Tables S1 and S2). As with total ecosystem and soil
nutrient pools, effects of increasing species richness (+76 to
133% on average across years depending on species richness)
outweighed those of eCO; (+15% on average across years) and
N addition (+21% on average across years); however, unlike for

35
30

25
20
15

1—16 sp.

Effect size (% change)

Fig. 2. Relative effect size (percent change) of increasing species richness
(from 1 to 4, 9, or 16 species), elevated CO, (eCO,), and increased N supply
(eN) on total ecosystem C. Percent change values were calculated using
means of the two treatment levels being compared (averaged across all
other treatments) for each year that total ecosystem C was measured. Rel-
ative effect sizes of increases in species richness between other levels are
shown in S/ Appendix, Fig. S1.
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Fig. 3. Mean total ecosystem C (A-H) and soil C (/-P) pools under ambient (closed symbols, solid lines) and elevated (open symbols, dashed lines) CO, (circles)
and N (triangles) at species richness of 1, 4, 9, or 16 (from left to right) over the 19y experiment. Means are across levels of the other treatment. Note that the
first time points for soil C are from pretreatment year 1997. The error bars represent + 1 SE. n = 1,377.

total ecosystem and soil C, a positive main effect of CO, was
detected on total plant C (Table 1 and SI Appendix, Tables S1
and S2). Positive effects occurred both above and belowground
(81 Appendix, Table S2).

Net Primary Productivity. Total annual NPP (aboveground bio-
mass C + root ingrowth C to 20 cm) increased substantially in
response to all treatments (Fig. 4). Enhancements in NPP with
increasing species richness (+75 to +130% on average across
years compared with monocultures, depending on SR level,
P < 0.0001) were stronger than those with enriched N (+22%;
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P <0.0001) and eCO; (+17%; P = 0.004) (Fig. 4, Table 1, and
SI Appendix, Table S1). Positive effects occurred both above
and belowground (SI Appendix, Table S2). The divergence of
NPP between monocultures versus mixtures grew stronger
through time (year x species richness: P < 0.0001, Table 1 and
SI Appendix, Table S1).

Responses of cumulative NPP across the entire experiment to
treatments (i.e., calculated from NPP summed over 19 y) were
positively correlated with, but were greater than, average gains in
soil C in response to treatments by the final measurement year
(SI Appendix, Fig. S2, R* = 0.94, P = 0.007). Some portion of the
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Table 1.

Linear mixed-effects model probabilities (P > F) for NPP, total plant biomass

(aboveground + roots to 20 cm) C, soil C to 60 cm, total ecosystem (soil + plant) C,

and soil CO, flux

P>F
Effect NPP Total plant C Soil C Total ecosystem C Soil CO, flux
Year <0.0001 0.02 0.009 0.0001 <0.0001
CO, 0.004 0.01 0.92 0.85 0.004
N <0.0001 <0.0001 0.07 0.007 0.02
SR <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Year x CO, 0.67 0.67 0.01 0.005 0.006
Year x N 0.0005 0.06 0.27 0.46 0.13
Year x SR <0.0001 <0.0001 0.0003 <0.0001 <0.0001
CO, x N 0.31 0.71 0.59 0.80 0.85
CO, x SR 0.62 0.56 0.78 0.78 0.10
N x SR 0.37 0.73 0.13 0.26 0.46
Year x CO; x N 0.57 0.14 0.97 0.62 0.01
Year x CO, x SR 0.99 0.81 0.009 0.005 0.03
Year x N x SR 0.17 0.0004 0.39 0.28 0.40
CO, x N x SR 0.78 0.65 0.08 0.09 0.83
Year x CO, x N x SR 0.39 0.96 0.14 0.27 0.11

F ratios are shown in S/ Appendix, Fig. S1. P < 0.05 bolded to draw attention to the most important terms in
the model. Degrees of freedom = 1 for all factors and interactions. N = nitrogen; SR = species richness.

additional NPP produced in response to treatments would be
decomposed each year, but the large losses indicated here likely
include other pathways (and are consistent with expectations
given 10 prescribed fires over the course of the study). A total of
31, 26, and 23% of the additional cumulative NPP produced in
response to increasing species richness from 1 to 4, 9, or 16,
respectively, accumulated in soils by 2016, and we infer the re-
mainder was lost (Fig. 5). A total of 15% of the additional cu-
mulative NPP produced in response to N addition and only 5%
produced in response to eCO, accumulated in soils by 2016,
suggesting that N addition and especially eCO, disproportion-
ately stimulated C losses relative to NPP compared with in-
creasing species richness (Fig. 5).

Soil CO, Flux. Mean growing season (May through September) soil
CO,, flux was increased by species richness, CO,, and N treatments
(Fig. 4). On average across years, increasing species richness from
1to 4,9, or 16 species enhanced mean soil CO, flux by 24, 28, and
30%, respectively (species richness: P < 0.0001, Table 1, SI Ap-
pendix, Table S1, and Fig. 44). eCO, increased mean soil CO, flux
by 21% on average (CO,: P = 0.004, Table 1, ST Appendix, Table
S1, and Fig. 3B) and N addition increased mean soil CO, flux by
5% (N: P = 0.02, Table 1, SI Appendix, Table S1, and Fig. 4C).
Estimated cumulative growing season soil CO, flux ranged from
639 to 822 g C m™ - y~' depending on treatment level (SI Ap-
pendix, Table S3), a magnitude that renders soil CO, flux the most
important C loss pathway in this system and thus an important
regulator of total ecosystem C storage.

Fire C Losses. Estimated mean annual fire C losses ranged from 45
096 g Cm™> .-y (averaged across both burn and nonburn years
(i.e., on an annual scale that facilitates comparison to the magnitude
of other C loss routes), depending on treatment, with larger losses
at elevated treatment levels (SI Appendix, Table S3). Because the
vast majority of standing litter burns at this site, plots with higher
aboveground biomass lost more C via fire in absolute terms. Fire C
losses are of a magnitude to influence total ecosystem C storage
over time but are an order of magnitude lower than C losses via soil
CO; flux.
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Discussion

In this N-poor grassland, increasing species richness substantially
increased total ecosystem (plant + soil to 60 cm) C pools over 19
y, whereas eCO, and N addition had only modest effects. Spe-
cifically, after 19y, increasing species richness from 1 to 4, 9, or
16 enhanced total ecosystem C storage by 22 to 32%, while av-
erage effects of N addition and eCO, were <5%, supporting our
hypotheses (H1 and H2). The species richness effect was initially
modest but strengthened during the first decade and remained
relatively stable over the following decade, whereas CO, and N
effects remained modest. We attribute the greater effect of
species richness (compared with CO, or N treatments) on C
storage to proportionally larger enhancements in NPP (6) that
grew over time (50) and thus on large organic matter inputs to
soils relative to ecosystem losses. The effects of the global change
treatments were generally additive, and thus we found little ev-
idence for H3. We further discuss these results in relation to our
hypotheses below.

Effects of Increasing Species Richness on C Pools. The strong en-
hancement in total ecosystem C with increasing species richness
agrees with our hypothesis (H2) and other studies showing
greater C storage at higher species richness (35-42). However,
the effect was nonlinear; that is, increasing species richness from
1 to 4 had a more positive effect on ecosystem C pools than going
from 4 to 9 or 9 to 16 planted species treatments. Given that our
highest diversity plots are most representative of natural grass-
lands, these results suggest that a 44% reduction in species
richness in diverse grasslands might have modest negative effects
on ecosystem C storage, similar to those of eCO, and N addition,
whereas a 75% or, in particular, a 94% reduction (or conversion
to monoculture) will have stronger negative effects. This also
suggests that planting mixtures, even those composed of only a
few species, instead of monocultures is advantageous for grass-
land restoration efforts that prioritize soil C storage.

The positive effect of species richness on total ecosystem C
was largely driven by greater soil C, though plant C pools were
also enhanced. Species richness effects on soil C reflected re-
sponses of NPP and the importance of organic inputs to soils in
driving treatment effects on soil C. Based upon prior work at
BioCON, the approximately twofold enhancement in productivity
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Fig. 4. Relative effect size (percent change) of increasing species richness
(A), eCO, (B), and increased N supply (C) on mean total annual NPP (Left,
blue) and mean rates of soil CO, flux (Right, red). Soil CO, flux is shown
because it is the greatest route of C loss at this site (an order of magnitude
greater than fire C loss). Percent change values here were first calculated for
each of the 19 y using annual means of the two treatment levels being
compared (averaged across all other treatments). We then averaged across
annual percent change values and show these means and SEs here (i.e., N to
calculate means shown here = 19). The error bars represent + 1 SE (variance
in percent change among years).
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in response to increasing species richness likely resulted from com-
plementary interactions among species, such as niche differentiation
or facilitation (34), which grew over time (50). As portions of those
additional soil inputs accumulated, the species richness effect
strengthened and appears to have stabilized. Large increases in root
inputs may also have increased soil C storage by stabilizing SOM,
including by promoting the formation of soil aggregates that physically
protect SOM (62, 63).

However, responses of productivity did not fully explain soil C
responses, as changes in soil C in response to increasing species
richness (and to added CO, and N) by the final measurement year
were much smaller than responses of cumulative NPP summed
over the 19 y duration. This suggests that increasing species
richness (and addition of CO, or N) also stimulated C loss path-
ways. Indeed, rates of soil CO, flux, the greatest pathway for C
loss at this site, were greater in mixtures than in monocultures, and
our estimation of cumulative growing season soil CO, flux was
183 g C m™2 - y~! higher in 16-species plots than monocultures,
though it is probable that a large portion of enhanced soil CO,
flux can be attributed to increases in root respiration and not
solely to losses of soil C (64). Fire can also drive losses of soil C
through the combustion of potential organic matter inputs and/or
the stimulation of losses from deeper soil (10, 65), and mixtures at
this site have exhibited greater fire-induced C losses than mono-
cultures (20). While large amounts of belowground biomass pro-
duced in response to increasing species richness may have been
resilient to fire, we estimated that fire C losses from aboveground
biomass were over twice as high (+51.3 g C m™ - y') in
16-species plots compared with monocultures because of higher
fuel load. Regardless, any enhancement in soil respiration or
other pathways of C loss with increasing species richness were
outweighed by greater plant-derived C inputs to soils, as
hypothesized (H2).

Effects of Increased N Supply on C Pools. In contrast to species
richness, increasing soil N supply only modestly enhanced total
ecosystem and soil C in these nutrient-poor soils, despite en-
hancing NPP by 22% on average. This supports our hypothesis
of modest effects of increased N supply on total ecosystem C
(H1) and indicates that the influence of N supply on C storage
may be limited in some systems, even in N-poor grasslands. It is
likely that N-induced C losses mostly offset additional soil C
inputs, similar to results of other grasslands in a meta-analysis
of soil C storage in response to N addition (66). Repeated fire
disturbances may have combusted additional organic matter
inputs produced in response to N enrichment before they were
stabilized in soils in prescribed burn years (10, 20). Indeed, we
estimated that fire C losses were 13% (+14.6 g C m™2 -y}
higher in enriched compared with ambient N plots (calculated
including burn and nonburn years; +26% and +29.1gCm~2-y ' on
average if across burn years only). N addition may also have pro-
moted soil respiration (24, 60). We did observe a modest enhance-
ment in rates of soil CO, flux with N addition and estimated that
cumulative growing season soil CO, flux was 38 g C m™ - y~! higher
in enriched compared with ambient N plots. Leaching and herbivory
are less likely to be substantial routes of enhanced C loss under N
addition at this site. C losses via leaching are very low relative to other
fluxes at BioCON (20, 67). Though C losses via herbivory have not
been measured at BioCON, past work showed that neither N nor
CO, treatments affected plant damage of the legume Lespedeza
capitata by herbivores or pathogens (68).

Our results are in contrast to a nearby 27 y grassland ex-
periment following abandonment of agricultural fields in which
N addition strongly increased total ecosystem and soil C stor-
age, even when applied at rates lower than in our study (their N
addition treatments ranged from +1 to 27 g N m=2 - y~!) (32).
However, in that experiment, N addition also shifted the plant
community from native C, grasses to exotic C; grasses, which
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Fig. 5. Absolute effect size of eCO, (A), increased N supply (B), and increased species richness from 1to 4 (C), 1to 9 (D), or 1 to 16 (E) on mean cumulative NPP
across the entire 19 y (Left, blue) and inferred losses of this additional NPP (Right, red). Inferred losses were calculated as the absolute effect size for cu-
mulative NPP minus the absolute effect size for soil Cin 2016 (i.e., the amount of cumulative NPP produced in response to treatments minus the amount of C
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were retained.

may have increased C accrual through large increases in root
biomass and thus root-derived soil C inputs through turnover
and exudation (32). Fornara and Tilman (32) also suggest that
plant species compositional shifts may have changed microbial
communities such that they were less capable of decomposing
recalcitrant soil C pools. Further work is needed to uncover the
mechanisms controlling these varied responses of soil C storage
to N addition in disturbed grasslands.

Effects of eCO, on C Pools. Though eCO, stimulated total NPP by
17% on average, we did not detect a main effect of CO, on total
ecosystem C, in agreement with H1. However, effects of eCO,
on total ecosystem C were greater for some levels of species
richness in some years. In particular, eCO, increased total eco-
system C in monocultures in 2002 after 5 y of treatment (by 8%),
but this modest effect disappeared within another 5 y. More
recently, a trend of greater ecosystem C accumulation under
eCO, has emerged in 16-species plots, lending some modest
support for H3. This trend suggests that in the species-rich (and
most productive) community, which is most similar to natural
grasslands, soil C may eventually increase under eCO,, becoming
apparent only after many years in a grassland that is recovering
from disturbance. Importantly, and in contrast to H3, we did not
find evidence for the expectation proposed by others that N
addition will enhance positive effects of eCO, on soil C accu-
mulation (13), despite N limitation of biomass responses to
eCO; at this site (8). This lack of dependency of the eCO; re-
sponse on N availability contrasts with results of a companion 8 y
global change experiment, where in plots planted with nine
species, total ecosystem C pool responses to eCO, were strongly
dependent on N, warming, and rainfall treatments (7), preclud-
ing any simple generalization about the likelihood of interactions
among multiple global change drivers.

Overall, enhanced C losses under eCO; likely offset any in-
creases in plant-derived soil C inputs. Indeed, eCO, increased
rates of soil CO, flux by 21%, and we estimated that cumulative
growing season soil CO, flux was 132 g C m™2 - y~! greater under
eCO,. Past studies also showed that eCO, strongly increased soil
and microbial respiration at this site (24, 60). It is also probable
that enhanced C losses via fire reduced the quantity of additional
plant-derived C inputs to soils (20), and indeed we estimated
that fire C losses were 8% greater (+9.6 g C m™ - y~') under
eCO; (calculated including burn and nonburn years; +15%
and +18.3 g C m™2 - y~! on average if across burn years only).
Leaching and herbivory are less likely to be substantial routes
of enhanced C losses under eCO, at this site for the reasons
described above.

Our finding that eCO, did not promote soil C storage is
consistent with some other, albeit shorter, studies in grasslands.
For instance, in a calcareous grassland exposed to eCO, for 6y,
soil C did not increase despite a 23% stimulation in the plant C
pool (16). Similarly, another study revealed that eCO, increased
C uptake by vegetation in annual grasslands but also increased
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partitioning of C to rapidly cycling C pools with a net result of no
change in soil C after three years of eCO, (22). The coarse-
textured, sandy soils at our site may possess a limited ability to
stabilize C into pools with longer mean residence times in re-
sponse to eCO,. While increased species richness may have
promoted stabilization of SOM as a result of greater root C in-
puts, enhancements in root biomass and productivity under
eCO, (and N addition) were not as strong. Moreover, past
studies at BioCON showed that eCO, increased turnover of slow
cycling C pools (21) and stimulated soil C losses via rhizosphere
priming of SOM decomposition, suggesting that eCO, may en-
hance the release of older, more recalcitrant soil C (69). Studies
elsewhere, however, have observed positive effects of eCO, on
soil C, including in grasslands (13, 14). It is possible that changes
in soil C content would occur very slowly given the modest
stimulation in NPP we observed under eCO, (70), and perhaps
we are starting to detect this signal in 16-species plots. Regard-
less, our results indicate that any eCO, effects on soil C in our
study of 19 y of CO, enrichment are modest. Based on our re-
sults, increases in plant C uptake (12, 71) and productivity under
e¢CO, may not translate into C storage even over multiple de-
cades if NPP is only modestly stimulated and/or if the additional
C released into soils is labile and decomposes quickly and/or
stimulates losses of old soil C. Thus, our empirical results agree
with models projecting little or no change in grassland soil C
storage by the end of the century, but model predictions vary
widely (3).

Changes in Total Ecosystem C through Time. We observed strong
temporal changes in total ecosystem C over 19 y, independent of
treatments. These temporal trends were driven by C accumulation
in soils, which initially reflected the aggrading stage of perennial
vegetation growth following establishment of the experiment, as
expected. As in other studies in aggrading grassland systems, soil C
accumulated rapidly initially (35, 37). The average rate of soil C
accumulation over the first 15 y of our experiment was greater than
the average (but within the range) of reported rates during grass-
land establishment after land conversion from cultivated to pe-
rennial vegetation [58 g Cm™ -y ™! in our study versus 34 g Cm ™2 -y
on average for other converted agricultural fields at Cedar Creek (43)
and 33 g Cm™ -y~ on average in other establishing grasslands (72)].
However, in contrast to expectations, amounts of total soil C eventu-
ally decreased such that they have begun to approach pre-
treatment levels. The strongest reductions occurred between
years 15 and 19. We explored whether changing weather and
species composition over time could explain the temporal soil C
pattern but did not find any notable patterns. Though we can-
not say what drove the temporal reversal in soil C nor whether
this trend will persist, we note that the timing of prescribed
burns switched from early spring to late fall beginning in 2013
(year 16) and became more frequent after 2011. Perhaps fall burns
were more intense and led to larger losses of nutrients and C (e.g., via
nutrient volatilization, reduced inputs of organic matter, and enhanced
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leaching). It is also possible that by reducing the litter layer before
winter, fall burns led to colder, more variable soil temperatures and
more frequent freeze-thaw cycles (73) that may have affected bio-
geochemical cycles and stimulated losses of soil C through soil respi-
ration and leaching.

Implications. In this open-air grassland global change experiment,
spanning nearly two decades, species richness treatments affected
total ecosystem C more than eCO, or N addition treatments; the
effects of richness were larger even for changes that best match
projections for this century. Though eCO, and N addition influ-
enced several aspects of C cycling, including NPP, this did not
result in large or consistent changes in total ecosystem C pools. A
portion of the additional organic matter produced in response to
treatments was lost, likely preventing substantial soil C accumu-
lation in response to CO, and N treatments, whereas large en-
hancements in NPP with increasing species richness surpassed any
concomitant stimulation in C losses. Moreover, effects of global
change treatments were generally additive, with no interactions
between CO, and N, in contrast with other recent related studies
from the same site (e.g., refs. 7, 56), indicating that our ability to
forecast future interactions remains weak.

Grasslands, like many other biomes, are projected to experi-
ence large biodiversity losses by the end of the century in the face
of global climate change and other human disturbances (51), and
some have already undergone climate- and nutrient-driven spe-
cies loss (52, 74). Our results suggest that the magnitude of ef-
fects of intermediate to high levels of species loss on grassland
productivity and C storage rivals and can even surpass that of a
~50% increase in atmospheric CO; or high rates of N deposition
experienced in industrialized regions (48). Thus, CO, levels
projected to be reached by the end of the century may have less
of an impact on grassland soil C storage than concomitant re-
ductions in species richness that surpass ~40%. Additionally, the
nonlinearity of the species richness effect has important impli-
cations to grassland restoration. Based on our results, planting
even a relatively low-diversity mixture (i.e., 4 species) will notably
increase soil C storage compared with planting a monoculture,
but the addition of further species (i.e., species richness >4) may
have only modest additional benefit from a C storage perspec-
tive. Overall, our results call into question whether ecosystem C
storage will keep pace with CO, rise and show that changes in
species richness may have more profound effects on grassland
C balances.

Materials and Methods

Site Description and Experimental Design. This work was conducted at the
BioCON (Biodiversity, CO,, and N) experiment within the Cedar Creek Eco-
system Science Reserve in East Bethel, Minnesota, part of the Cedar Creek
Long Term Ecological Research program. BioCON (6) was established in 1997
on secondary successional grassland and is characterized by sandy, N-poor
soils derived from a glacial outwash plain. Climate is continental, with mean
January temperature of —11 °C, mean July temperature of 22 °C, and mean
annual precipitation of 660 mm - y~'. All plots were burned roughly every
other year (but we note a period of annual burns from 2011 to 2014) to
mimic presettlement fire regimes in tall grass prairies.

The BioCON experiment is a complete factorial design with a split-plot
arrangement of treatments, including two atmospheric CO, (ambient, +180
ppm), two soil N (ambient, +4 g N m2 »y‘1), and four species richness (1, 4, 9,
and 16 species) treatments. Treatments began in 1998. CO, is the whole-plot
factor and was applied to three of six 20 m diameter free-air CO, enrichment
rings during daylight hours throughout the growing season. The N and
species richness treatments are subplot factors and were randomly assigned to
individual 2 x 2 m plots within each ring. N was applied as slow-release am-
monium nitrate in three equal fractions over the growing season. Plots were
initially planted with 1, 4, 9, or 16 perennial species belonging to four her-
baceous plant functional groups: C; grasses: Agropyron repens, Bromus iner-
mis, Koeleria cristata, Poa pratensis; C4 grasses: Agropyron gerardii, Bouteloua
gracilis, Schizachyrium scoparium, Sorghastrum nutans; nonleguminous forbs:
Achillea millefolium, Anemone cylindrica, Asclepias tuberosa, Solidago rigida;
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and N-fixing legumes: Amorpha canescens, L. capitata, Lupinus perennis,
Petalostemum villosum. Monocultures were replicated twice for each combi-
nation of species, CO,, and N, such that there were 32 total plots planted with
1 species. For 4 and 9 species plots, species were randomly selected from a pool
of all 16 possible species. For each combination of CO, and N under otherwise
ambient conditions, there were 15 replicates for plots planted with 4 species,
15 replicates for plots planted with 9 species (until 2006; replicates were re-
duced to 9 beginning in 2007 and to 6 beginning in 2012), and 12 replicates for
plots planted with 16 species. Thus, the main randomized experiment (used in
this study) contained a total of 296 plots until 2006, 272 plots from 2007 to
2011, and 260 plots from 2012 onwards. The average realized species richness
across 1998 to 2016 for both a permanent, undisturbed (aside from weeding)
area (12.5% of plot) in the center of each plot used for percent cover mea-
surements and from clipped aboveground biomass samples (from a separate
area representing 2.5% of the plot) was 1, 3, 6, and 8 for 1, 4, 9, and 16 species
plots, respectively. Note that average realized plot-level species richness was
likely much higher in mixtures based on a one-time detailed mapping of the
plant community in 80% of the area of 80 plots in 2019; 4 and 5 more species,
respectively, were encountered on average in 9 and 16 species plots in the
larger mapped area than the smaller areas sampled annually.

Soil C. To determine total soil C, five soil cores were collected per plotin 1997
(pretreatment), 2002, 2007, 2012, and 2016, typically in early fall. One core
was taken using a 2-cm diameter metal soil corer from each quadrant of the
plot and one was taken in the middle of the north side of each plot. Cores
were taken at four depth intervals (0 to 10, 10 to 20, 20 to 40, and 40 to 60 cm).
All five cores for a given interval were combined for each plot and dried at
40 °C for at least 2 wks. Dried soil was sieved (2 mm) to remove roots and
other particulate organic material. Soil from each plot and depth interval
was then ground and analyzed for C concentration on an Elemental C-N
Analyzer (ECS 4010 CHNSO Analyzer, Costech Analytical Technologies Inc. or
NA 1500 CNS Analyzer, Carlo-Erba Instruments). Bulk density was measured
in each plot in July of 2003. A 5 cm diameter schedule 40 PVC root corer was
used for the 0 to 10 and 0 to 20 cm depths and a 5 cm diameter machined
metal root corer was used for the 20 to 40 and 40 to 60 cm depths. Samples
from each depth were dried at 40 °C and subsequently weighed.

To determine soil C mass, we multiplied soil C concentration by soil mass
(g - m™2) for each depth interval. Soil mass was calculated from depth in-
terval thickness and bulk density. We used mean bulk density for each
species richness level from 0 to 10 cm because species richness affects bulk
density in our experiment at this depth interval. For each depth interval
below 10 cm, we used mean bulk density across all plots. Neither CO, nor N
treatments affected bulk density at this site. We summed soil C masses across
depths to calculate total soil C pools to 60 cm.

Net Primary Productivity and Plant C Pools. To determine aboveground bio-
mass (which approximates aboveground NPP in this herbaceous system), a
10 x 100 cm strip was harvested to ~1 cm above soil level in all plots each
August, dried at 40 °C, and subsequently weighed. Three root cores per plot
were taken from the same strip using a 5 cm diameter schedule 40 PVC root
corer from 0 to 20 cm depth and combined. At this site, the majority of root
biomass occurs above 20 cm. Root cores were then rinsed on a fine mesh
screen with a gentle stream of water to remove sand, dried at 40 °C,
weighed, and ground for C and N analyses. Aboveground and root biomass
samples were analyzed for C concentration as above. Aboveground and root
C masses were calculated as C concentration multiplied by aboveground or
total (crown + coarse + fine) root biomass to a depth of 20 cm.

Total NPP (g - C- m™) was calculated as a given year's aboveground biomass C
plus root in-growth biomass C. At this site, on average, aboveground NPP con-
tributed 65% and belowground NPP 36% to total NPP during the first 19 y. Root
ingrowth cores were taken to a depth of 20 cm. Roots were rinsed on a fine mesh
screen with a gentle stream of water to remove sand, dried at 40 °C, and weighed.
Because C content was not measured in root ingrowth samples, we multiplied plot
root C concentration (described above) by root ingrowth biomass to estimate root
ingrowth biomass C.

Soil CO, Flux. In every plot, we measured soil CO, flux 12 to 15 times per year
between early May and late September using a LI-COR 6400 gas exchange
system with a LI-COR 6400-09 soil respiration chamber (LI-COR). We aver-
aged these data to derive a single mean soil CO, flux value for each plot
each year. Vegetation is clipped within the flux measurement area, but
measurements include root respiration.

We estimated cumulative growing season (May to September) soil CO, flux
by converting mean growing season values for each plot from units of pmol -
CO, -m2.5"tog-C-m2.d"and multiplying by the number of days in
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May through September (153 d). Nongrowing season soil CO, flux likely
accounts for <10% of total annual soil CO, flux in this system (20).

Fire C Loss Estimations. \We estimated annual C losses via fire to compare with
other mechanisms of C losses by measuring % biomass loss through fire
during a burn in fall of 2016 for 76 plots distributed across treatments. To
measure pre- and postfire aboveground biomass, we measured biomass in
adjacent 10 x 100 cm strips to ~1 cm above soil level immediately before and
after the burn (as above). As most plots experienced nearly complete bio-
mass loss, regardless of treatment, we applied the median % biomass loss
across all 76 plots (97%) to August biomass preceding burns to estimate
losses of biomass C via fire in all burn years. We multiplied the resulting
estimate of biomass loss (g - m™ - y~') by each plot’s respective August
aboveground biomass C concentration. In years without prescribed burns,
fire C losses were set to zero.

Statistical Analyses. For all analyses, we used repeated measures linear mixed-
effects models including main effects of year (as a continuous variable),
species richness (as a continuous variable), CO,, N, and all interactions of the
above. Ring was nested within CO, as a random effect. Plot was nested
within CO, and N as a random effect. Data were checked for assumptions of
normality and homogeneity of variances; soil and total ecosystem C pools were
logqo transformed. Pretreatment soil C data from 1997 showed no differences
among levels of CO, and N but very modest decreases with species richness and
were thus not included in analyses. All analyses were conducted with statistical
analysis software (JMP Pro-14.2.0, 2018, SAS Institute Inc).
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Data Availability. TEXT, HTML, and EML format data have been deposited in
the Cedar Creek Ecosystem Science Reserve Data Catalog. Soil percent nitrogen and
carbon data can be found at DOI: 10.6073/pasta/8fe02cded3d5d2979e4596d465b0e470
(EDI Package ID: knb-lter-cdr.339.8). Plant aboveground biomass carbon and nitrogen
data can be found at DOI: 10.6073/pasta/4922002b6bc6808947bfof8f6905516f (EDI
Package ID: knb-lter-cdr.305.9). Root carbonvnitrogen data can be found at DOL
10.6073/pasta/cfc4c93aee56a6d8bb60b5fb206ccadd (EDI Package ID: knb-iter-cdr.298.9).
Plant aboveground biomass data can be found at DOI: 10.6073/pasta/
8524be9f00b40a9e71b73a8ba2dc9ed0 (EDI Package ID: knb-lter-cdr.302.9). Root
biomass data can be found at DOI: 10.6073/pasta/c00662959002e588597bd77e0c7dbdbb
(EDI Package ID: knb-Iter-cdr.325.9). Root ingrowth biomass data can be found
at DOI: 10.6073/pasta/d307637c4582713659a27cbd209a1d78 (EDI Package ID:
knb-Iter-cdr.299.10). Soil carbon flux data can be found at DOI: 10.6073/pasta/
7378dc1bf52efbcd45dbf9741c925081 (EDI Package ID: knb-Iter-cdr.300.8). Fire biomass
loss data can be found at DOI: 10.6073/pasta/7cf202d217f7a959e9c08ad29d43f758.
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