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Physicochemical Organic Matter Stabilization across a Restored Grassland
Chronosequence
Abstract

In reconstructed grasslands, soil organic matter (SOM) is the largest CO2 and reactive N sink but SOM gains
after reconstruction rarely achieve precultivation levels. Through a chronosequence of reconstructed
grasslands 1 to 21 yr after establishment, we explored which physicochemical mechanisms protect
accumulated soil organic C (SOC) and N from mineralization. After 21 yr, total SOC and soil N
concentrations increased by 32 and 23%. The SOC concentration was within 5% of a new equilibrium but was
64% of a never‐cultivated remnant. Chemically stabilized C and N pools on free silt and clay surfaces
increased with time. Coarse particulate organic matter C increased with time but accounted for <12% of SOC.
Microaggregate‐stabilized SOM did not change. The positive linear relationship between total SOC and free
silt and clay C indicates that 21 yr after establishment, reconstructions have unsatisfied capacity for further
SOM storage, despite proximity to a new SOC equilibrium. The accumulated C and N associated with free silt
and clay suggest that ammonium oxalateextractable Fe (AmOx‐Fe) and polyvalent cation concentrations
could be correlated with total C and N stocks. These promote SOM stabilization and were possibly affected by
human activity before reconstruction. However, AmOx‐Fe and polyvalent cation concentrations were not
associated with total SOC or soil N and could not explain the slowing SOM accumulation. Regardless of time
since reconstruction, AmOx‐Fe was highly concentrated on microaggregate surfaces compared with other
fractions and was positively associated with microaggregate C and N, suggesting a link between Fe and
microaggregate stabilization.
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Abstract
In reconstructed grasslands, soil organic matter (SOM) is the largest CO2 and reactive N
sink but SOM gains after reconstruction rarely achieve precultivation levels. Through a
chronosequence of reconstructed grasslands 1 to 21 yr after establishment, we explored which
physicochemical mechanisms protect accumulated soil organic C (SOC) and N from
mineralization. After 21 yr, total SOC and soil N concentrations increased by 32 and 23%. The
SOC concentration was within 5% of a new equilibrium but was 64% of a never‐cultivated
remnant. Chemically stabilized C and N pools on free silt and clay surfaces increased with time.
Coarse particulate organic matter C increased with time but accounted for <12% of SOC.
Microaggregate‐stabilized SOM did not change. The positive linear relationship between total
SOC and free silt and clay C indicates that 21 yr after establishment, reconstructions have
unsatisfied capacity for further SOM storage, despite proximity to a new SOC equilibrium. The
accumulated C and N associated with free silt and clay suggest that ammonium oxalate‐
extractable Fe (AmOx‐Fe) and polyvalent cation concentrations could be correlated with total C
and N stocks. These promote SOM stabilization and were possibly affected by human activity
before reconstruction. However, AmOx‐Fe and polyvalent cation concentrations were not
associated with total SOC or soil N and could not explain the slowing SOM accumulation.
Regardless of time since reconstruction, AmOx‐Fe was highly concentrated on microaggregate
surfaces compared with other fractions and was positively associated with microaggregate C
and N, suggesting a link between Fe and microaggregate stabilization.

Key words: prairie chronosequence, ammonium oxalate extractable iron, physical fractionation,
OM stabilization, soil carbon
Core Ideas


Twenty‐one years after cropland‐to‐grassland conversion, soil organic C (SOC) was within
5% of a new equilibrium but remained 64% of a never‐cultivated remnant.



Mineral‐associated and free particulate organic matter pools increased with time but
microaggregate pools did not.



Ammonium oxalate‐extractable Fe was highly concentrated on microaggregate silt and clay.



Polyvalent cations and ammonium oxalate‐extractable Fe were not correlated to total SOC
or soil N.

Abbreviations

AmOx‐Fe

ammonium oxalate extractable Fe

CPOM

coarse particulate organic matter

free SC

silt and clay outside of microaggregates

oPOM

occluded particulate organic matter

SOC

soil organic C

SOM

soil organic matter

Introduction
Uncultivated grassland ecosystems possess much larger amounts of soil C and N than
arable lands in similar environments. Uncultivated remnant prairies (native grasslands in the US
Midwest) average 48% higher C concentrations than cultivated areas (DeLuca and Zabinski,
2011). In Iowa, it is likely that cultivation released significant amounts of C because 12,000 ha of
remnant prairies survive today out of an estimated 12.5 million before cultivation (Samson and
Knopf, 1994).
As the consequences of climate change have become increasingly apparent, one
approach to reduce atmospheric greenhouse gas concentration is to sequester CO2 in SOC.
Reconstruction of native prairies can increase SOM as well as sequester CO2 in SOC. As such,
prairie reconstruction would be considered a greenhouse gas “mitigation activity” by the
Intergovernmental Panel on Climate Change (Smith et al., 2014).
In reconstructed prairies, net primary productivity, the largest organic matter input to
soil, matches older reconstructions within several years (Hansen and Gibson, 2014; Matamala
et al., 2008; O’Brien and Jastrow, 2013). However, despite their similar net primary
productivity, soil C and N stocks in reconstructed prairies rarely return to the levels observed in
uncultivated remnant prairies. Kucharik et al. (2006) observed that SOC in a Wisconsin
reconstruction remained 52% lower than a paired remnant after more than half a century after
reconstruction. Other studies have also highlighted a gap between remnant and reconstruction
SOC stocks, with many estimating that SOC levels in prairie reconstructions could take centuries
to match remnant counterparts (Matamala et al., 2008; O’Brien and Jastrow, 2013). Most of

these time extrapolations come after fitting reconstructed prairie data with the rise to
maximum functions, with C and N stocks from a nearby remnant site being used as the maximal
sink potential (Matamala et al., 2008; Rosenzweig et al., 2016).
The lack of SOC gain in reconstructions, despite net primary productivity recovery, has
been attributed to microbial diversity and abundance (Fierer et al., 2013; Wilson et al., 2009),
plant functional group diversity (Kindscher and Tieszen, 1998), and artificial subsurface drainage
(DeLuca and Zabinski, 2011). Soil macrofauna, particularly the presence or absence of certain
earthworms, can also influence SOM decomposition in many ecosystems (Hendrix and Bohlen,
2002).
Could the differences in SOC between remnant and reconstructed prairies lie in how
plant C inputs are stored within the soil? Soil C and N can be stabilized or protected from
mineralization by a variety of mechanisms. Some of these mechanisms have a finite capacity for
C and N stabilization, and land use management is known to affect how much of this
stabilization capacity is realized in a given soil (West and Six, 2007). Moreover, land‐use
management may have long‐term legacy effects on the mechanisms of stabilization
(Poffenbarger et al., 2018)
Conceptually, soil C and N stabilization processes are divided by function, which can be
partitioned between chemical protection on silt and clay surfaces and physical occlusion within
aggregates of mineral particles (Lützow et al., 2006). The biochemical recalcitrance of organic
matter can be associated with these processes (Filley et al., 2008) but remains controversial
(Dungait et al., 2012). Among these pathways, chemical bonding with silt and clay particles

accounts for the vast majority of stabilized SOM in fine‐textured soils (Hassink, 1997; Plaza et
al., 2013; Six et al., 2004). In prairie reconstructions, O’Brien and Jastrow (2013) postulated that
physical and chemical stabilizing mechanisms are closely interlinked, with each undergoing
several periods of growth and stagnation as the reconstructed prairie ages and adds more
organic material.
A number of factors can control the capacity for physical and chemical stabilization of
SOM. Polyvalent cations such as Ca and Mg enhance chemical bonding between organic matter
and clay surfaces through “bridging” the negatively charged regions of both (Kahle et al., 2002;
Kleber et al., 2007; Muneer and Oades, 1989). Although soil is considered to have a finite
capacity for SOM storage because of the surface area of silt and clay particles (Hassink, 1997),
polyvalent cation concentrations could theoretically change as arable land transitions into
prairie. Cessation of tillage, acidifying fertilizers, liming, and biomass harvest all can influence
polyvalent cation chemistry or distribution (Barak et al., 1997; Gransee and Führs, 2013;
Hussain et al., 1999; Laird and Chang, 2013).
In addition to cations, certain oxides, particularly short‐range ordered Fe species, can
augment both physical aggregation and mineral‐associated bonding (Oades and Waters, 1991;
Six et al., 2004). However, perhaps because of the relatively low short‐range ordered metal
concentrations in Mollisols compared with other soil orders such as Oxisols, few studies, if any,
have examined this chemical pathway. Regardless, several conceptual SOM models have
recognized the potential importance of short‐range ordered Fe as a binding agent, particularly
in microaggregates (Regelink et al., 2015). Although the evidence is less clear, short‐range
ordered Al may enhance stability in some tropical soil aggregates (Igwe et al., 2009). As

reconstructed prairies become established, changes to redox potential or pH could affect Fe
dynamics (Gotoh and Patrick, 1974). Increases in soil surface Fe during a no‐till transition have
also been observed in Mollisols and may be dependent on organic matter or pH changes
(Obour et al., 2017). Regardless, we would expect the majority of short‐ranged ordered Fe or Al
within soils to be set by mineralogy rather than human activity.
By using a unique 21‐yr chronosequence of replicated grassland reconstructions, our
goal was to examine which SOM pools accumulate after prairie establishment from cropland.
We hypothesized that total C and N would increase over time, including both chemically and
physically protected pools. We also expected to observe positive correlations between
physicochemical stabilized C and N, and short‐range oxides as well as polyvalent cations. Our
reasoning was based on the well‐known importance of fine mineral particles for SOM
stabilization capacity (Hassink, 1997), as well as recent research that demonstrates the role of
Fe (and to a lesser extent Al) as important drivers of chemical SOM stabilization capacity (Igwe
et al., 2009; Regelink et al., 2015; Silva et al., 2015; Wade et al., 2018). Unlike silt and clay,
polyvalent cations and reactive metal oxides could be increased in surface horizons through
human action, possibly increasing stabilization capacity and closing the gap between SOM in
reconstructed and remnant prairies.
Materials and Methods
Study Site
Nineteen tallgrass prairie reconstructions were nonrandomly selected at the Neal Smith
Wildlife Refuge near Prairie City, IA (41°33´30.5˝N, 93°16´48.2˝W). Located in the Walnut Creek

watershed with a humid continental climate, much of the landscape consisted of pre‐Illinoian
glacial till underneath loess‐capped hills (Palmer et al., 2014; Schilling et al., 2009). Before Neal
Smith Wildlife Refuge was established in the early 1990s, nearly 70% of the Walnut Creek
watershed was under row crops (Schilling and Drobney, 2014). Both managed pasture and row
crop cultivation were widely practiced in the area since at least 1860 (Winters, 1974). This study
attempted to maximize similarity in landscape position, soil texture, and slope. Reconstructions
within the chronosequence ranged in the time since establishment from 1 to 21 yr, with
unbalanced replication of individual reconstructions across years (Supplemental File S1).
Because of the unreliable sources of local prairie seed germplasm, which was gathered from
nearby uncultivated prairies or harvested on‐site at Neal Smith Wildlife Refuge, the seed
mixtures differed somewhat each year (Neal Smith Wildlife Refuge, 2015; Supplemental File
S1). Before reconstruction, the sampled sites were leased as cropland to local farmers. As the
leases expired, the cropland was reconstructed to prairie. This continuous expiration of leases
and reconstruction of prairies provided a unique replicated chronosequence. As a condition of
cropland leases, renters were mandated to adopt no‐till practices and a 2‐yr crop rotation of
corn (Zea mays L.) and soybean [Glycine max (L.) Merr.], along with other restrictions (Schilling
and Thompson, 2000). Notable restrictions included a maximum yearly addition of 112 kg N
fertilizer ha–1 on corn and a ban on pre‐emergent herbicides, with other nutrient and lime
amendments applied prescriptively (Schilling and Thompson, 2000). Because of seed
constraints at Neal Smith Wildlife Refuge, cropland leases with producers were typically
renewed for approximately 3 to 5 yr before prairie was sown (C. Dykstra, personal
communication, 2018). After establishment, the reconstructions are periodically burned every 1

to 3 yr in the spring, depending on the weather conditions. Aside from burning, other
techniques to control invasive plant species included mowing and clipping, hand pulling, and
herbicide spot‐treatments (Neal Smith Wildlife Refuge, 2015).
All reconstructions were located on the soil series Otley (moderately well drained; fine,
smectitic, mesic Oxyaquic Argiudolls), Mahaska (somewhat poorly drained; fine, smectitic,
mesic Aquertic Argiudolls), or Tama (well drained; fine‐silty, mixed, superactive, mesic Typic
Argiudolls). Otley soil was present on 11 of the 19 prairie reconstruction sites, with Mahaska
and Tama soil splitting the remaining eight locations. All soil series sampled possessed similar
epipedons and were mainly distinguished by their subsoil properties. Within each of the 19
reconstructions, a sampling area was located on an upland location with a slope between 0 and
5% to minimize any confounding effects caused by deposition or erosion of silt and clay.
Soil Properties
In November 2015, plots (0.33 m by 0.33 m) were sampled six times to a depth of 15 cm
with a 2.5‐cm diameter soil probe. Composite samples of six cores were passed through an 8‐
mm sieve to preserve aggregates while ensuring no stones were included as soil. A shallow
sampling depth was chosen to magnify possible differences in SOC storage between older and
newer reconstructions (Kravchenko and Robertson, 2011; Six et al., 2000). Surface residue and
plant material were removed before all soil sampling. The moist soil was then placed in a 4°C
cooler for later use. A 30 g air‐dried subsample was analyzed for texture (Kettler et al., 2001)
and another 20 g air‐dried sample was analyzed via dry combustion for total C and N. The pH

was measured with 10 g of moist soil mixed with 10 mL of deionized water. Bulk density was
recorded via the core method on May 2016 using seven 2.5 by 15 cm cores.
Soil Physical Fractionation
We used a physical fractionation procedure modified from Six et al. (2004) to separate
relatively labile and stable pools of C and N. Approximately 40 g of moist, sieved soil (8‐mm
sieve) from the November 2015 sampling was slaked overnight then added to a custom‐built
mechanical shaking device along with 50 metal beads and running distilled water. The long
slaking period was first used by Gentile et al. (2010) and was intended to ensure that only
water‐stable microaggregates survived processing in high clay soil and to minimize the survival
of larger soil aggregates, which are not considered a stable pool of C or N (Denef et al., 2001). A
250‐µm sieve served to collect coarse particulate organic matter (CPOM). Any material that
passed through the 250‐µm sieve was then subsequently filtered with a 53‐µm sieve. The
process continued until the solution coming out of the microaggregate isolator was free of
visible materials. Material that passed through the 53‐µm sieve, considered as free silt and clay
outside of microaggregates (free SC), was centrifuged at 1000×g (2069 rpm) for 30 min and
excess water was decanted until the fraction could be placed in an aluminum pan. All fractions
were dried at 105°C and homogenized with a ceramic mortar and pestle. The higher
temperature was chosen to ensure timely drying of the fine soil and to minimize the effects of
hydroscopic water bound to clay.

Soil retained on the 53‐µm sieve was then set aside to remove any unprotected low‐
density plant material outside of the microaggregate fraction. A 30‐mL sodium polytungstate
[Na6 (H2W12O40)] solution with a density of 1.85 g cm–3 was used for the separation
procedure. The mixture of the 53‐ to 250‐µm fraction and the Na6 (H2W12O40) was inverted
several times in a 50‐mL tube then placed in a centrifuge at 1000× g for 30 min. Afterwards, the
floating material was suctioned onto a 20‐µm nylon filter, dried at 105°C, homogenized with a
mortar and pestle, and added to the CPOM fraction. The remaining material not removed by
vacuum was subsequently rinsed by an addition of 30 mL distilled water to remove any
remaining Na6 (H2W12O40). After centrifuging at 1000× g for 30 min, the extra Na6
(H2W12O40) and distilled water solution was decanted and the samples were prepared
immediately for occluded particulate organic matter (oPOM) separation. Additional dilutions
were not used because of the possibility of lower density oPOM being lost through decanting.
Fifteen mL of 0.5% sodium hexametaphosphate [(NaPO3)6] was added after density
floatation. Ten glass beads were also added and samples were placed on a reciprocating shaker
(Model 6010, Eberbach, St. Belleville, MI) for 18 h. After shaking, microaggregate silt and clay
and oPOM were separated with distilled water and a 53‐µm sieve. Material that passed through
the sieve was considered to be microaggregate silt and clay and the rest to be oPOM. Both
fractions were oven‐dried at 105°C and homogenized with a ceramic mortar and pestle. Pools
considered stable (i.e., protected) consisted of free SC, microaggregate silt and clay, and oPOM.
Coarse particulate organic matter was considered to be a labile (i.e., unprotected) pool.

Chemical analyses
After physical fractionation, all silt and clay and particulate organic matter fractions
were analyzed in duplicate for total C and N by dry combustion. Total SOC and soil N were
defined as the sum of all C and N fractions, respectively. Carbon and N losses from the physical
fractionation procedure were determined by subtracting total SOC and soil N from the C and N
concentrations found in 8‐mm sieved whole soil. The difference between the whole‐soil
measurements and the sum of the fractions was 11% and 2% for C and N, respectively. Carbon
losses from intensive physical fractionation have not been studied well but another study that
used an identical fractionation procedure had a similar C loss (Sleutel et al., 2006). Carbon and
N losses from the fractionation were found to have no significant relationship with the age of
the reconstructed prairie.
Estimates for short‐range ordered Fe and Al were based on values from ammonium
oxalate [(NH4)2C2O4] extraction. The procedure was adapted from Jackson et al. (1986). Soil
fractions (free SC, microaggregate silt and clay, and whole soil) with a known moisture content
were immersed in 35 mL of acidified 0.2M ammonium oxalate and placed in a 50‐mL centrifuge
tube wrapped in aluminum foil. The tubes were shaken in the dark for 4 h then filtered with 8‐
µm Whatman Grade 2 filter paper (GE Healthcare Lifesciences, Chicago, IL) and measured for Fe
and Al via inductively coupled plasma mass spectrometry.
Polyvalent cation concentrations were measured for two soil fractions: free SC and
whole soil. The microaggregate silt and clay fraction was not analyzed because of the limited
amounts of material. The procedure for whole soil cation extraction was adapted from Warncke

and Brown (1998). Twenty mL of 1 M ammonium acetate (NH4CH3CO2) solution at a pH of 7.0
and 2 g of moist whole‐soil were combined and shaken for 30 min then filtered with 8‐µm
Whatman Grade 2 paper (GE Healthcare Lifesciences). The extract was measured for Ca and Mg
via inductively coupled plasma mass spectrometry. Cations bound to free SC were measured by
sending dried material to Iowa State University Soil and Plant Analysis Laboratory for
inductively coupled plasma mass spectrometry determination of Ca and Mg.
Statistical Analysis
Statistical tests were performed with SAS version 9.4 (SAS Institute, Cary, NC) as well as
SigmaPlot version 11.0 (Systat Software, Chicago, IL) software. Possible relationships among
short‐range ordered Fe or Al, Ca or Mg, soil texture, pH, prairie reconstruction age, N, or C
values were analyzed with linear and nonlinear models. To determine evidence of possible C
saturation, total SOC was compared with each stable C pool (free SC, microaggregate silt and
clay, and oPOM) as per Stewart et al. (2008b). If a stable pool displayed an asymptotic
relationship with total SOC such that the SOC concentration continues to increase but the
stable pool C concentration does not, that pool can be considered C‐saturated. Best fit lines
were chosen based on the lowest sum of squares error. Mean comparisons and ANOVA
between intervals were conducted with Duncan’s new multiple range test and the SAS GLM
procedure, respectively.

Results and Discussion
Soil Properties
Soil texture was not correlated with reconstruction age, with the mean concentrations
(± SE) of silt at 64.32% (±0.95%) and clay at 32.01% (±0.98%) (Table 1). The pH also did not
differ across the chronosequence, with an average of 5.84 (±0.096) (Table 1). There was no
statistically significant relationship between bulk density and time since reconstruction; mean
bulk density was 1.24 g cm–3 (±0.011) (Table 1).

Table 1 Soil properties for 19 plots sampled from 0‐15 cm.
Property
Minimum
Maximum
Sand, g kg‐1
31.2
46.0

Median
35.8

Mean
36.8

Silt, g kg‐1

541.0

757.0

648.0

643.0

Clay, g kg‐1

197.0

428.0

317.0

320.0

Soil organic C, g C kg‐1 soil

12.3

27.8

19.2

19.4

Soil N, g N kg‐1 soil

1.26

2.31

1.81

1.75

Soil pH, 1:1

5.29

6.91

5.76

5.84

Cation exchange capacity,
cmolc kg‐1

16.1

21.3

18.4

18.9

Soil bulk density, g cm‐3

1.16

1.35

1.23

1.24

Ca, mg Ca kg‐1 soil

2388.0

3436.0

2727.0

2799.0

Magnesium, mg Mg kg‐1 soil

356.6

672.0

507.0

508.6

Ammonium oxalate‐
extractable Fe, mg Fe kg‐1
soil

2565.0

3714.0

3404.0

3241.0

Ammonium oxalate‐
extractable Al, mg Al kg‐1
soil

912.0

1409.0

1161.0

1180.0

Soil Carbon and Nitrogen Pools
After 21 yr since prairie reconstruction, total SOC concentrations approached
equilibrium (Fig. 1A). The mean C concentration in the oldest group of reconstructions (21 yr)
was 5% below the modeled equilibrium C concentration of 20.95 g C kg–1 (reference line in Fig.
1A). Despite the age of these oldest reconstructions and the proximity of SOC concentrations to
the modeled equilibrium, total SOC was only 64% that of a prairie remnant 95 km away with
similar soil texture (Guzman and Al‐Kaisi, 2010), suggesting that the equilibrium C observed did
not represent effective C saturation (Stewart et al., 2008b). In contrast, total soil N, which
increased from an average of 1.48 g N kg–1 soil in the youngest reconstructions to 1.82 g N kg–
1 soil in the oldest, was found to be positively linearly correlated with time (Fig. 1B). The
differing C and N responses to time since reconstruction explain the lack of correlation between
the ratio of soil C to N and the age of the reconstructed grassland (Fig. 1C).
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Figure 1 Total soil organic C (SOC) (A), total soil N (B), and soil C/N ratio (C) against time since land use
change from a corn–soybean crop rotation to prairie reconstruction. The horizontal dotted line in (A)
represents the asymptote derived from the rise to maximum function. All data points were sampled
from 0 to 15 cm.

Only free SC and CPOM had statistically significant relationships with prairie
reconstruction age. Coarse particulate organic matter C was positively associated with time
since reconstruction, but there was no relationship between CPOM N and time (Fig. 2A). Young
reconstructed prairies, though variable, possessed approximately one‐third of the CPOM C
concentration (0.72 g C kg–1 soil) of the oldest reconstructed prairies (1.95 g C kg–1 soil).
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Figure 2 Carbon (A), N (B), and C/N ratio (C) of coarse particulate organic matter (CPOM) against time
since land use change from a corn–soybean crop rotation to prairie reconstruction. All data points were
sampled from 0 to 15 cm.

Unlike CPOM, both C and N concentrations in free SC were linearly correlated with time
since reconstruction (Fig. 3A, B). In addition, a strong (R2 = 0.82) positive linear relationship
was observed between free SC and total SOC, indicating unsatisfied capacity for further C
storage in free SC (Fig. 4A). The amount of clay in the mineral fraction can be used to estimate
the maximum C holding capacity of the soil (Hassink, 1997). The linear relationship with SOC
indicates that free SC has an unsatisfied C storage potential (Stewart et al., 2008b), despite total
SOC approaching a near‐equilibrium over time (Fig. 1A). If free SC was effectively C‐saturated,
we would expect to see no increase in free SC C concentration, even with increasing SOC levels.
In such a case, additional organic matter inputs would be stored in other SOC pools (Castellano
et al., 2015, Stewart et al., 2008b). This relationship would display an exponential rise to
maximum instead of the linear relationship observed in our data (Fig. 4A).

free SC Carbon (g C kg-1soil)

18

A)
16
14
12

y = 11.0994+0.2256x
P=0.0049

10

2

R =0.4202

free SC Nitrogen (g N kg-1soil)

8

B)
1.6
1.4
1.2

y = 1.1063+0.0210x
P=0.0032

1.0

2

R =0.4492

0.8

C)

free SC C:N Ratio

11.0
10.5
10.0
9.5
9.0
8.5
0

5

10

15

20

25

Age of Reconstruction (years)

Figure 3 Carbon (A), N (B), and C/N ratio (C) of silt and clay outside of microaggregates (free SC) plotted
against time since land use change from a corn–soybean crop rotation to prairie reconstruction. All data
represent samples from 0 to 15 cm.
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Figure 4 Silt and clay outside of microaggregates (i.e., free SC) C (A) and N (B) concentrations plotted
against total soil organic C (SOC) and total soil N. All data points were sampled from 0 to 15 cm.
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The observed total SOC and soil N gains over time are consistent with the hypothesis
that organic matter gains under reconstructed prairie chiefly occur in the chemically stabilized
free SC pool, which, on average, accounted for 88% of soil mass (Fig. 5).
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Figure 5 Dry mass fraction distribution compared to the age of the reconstructed prairie.

Contrary to our initial hypothesis, physically protected fractions, such as oPOM and
microaggregate silt and clay, did not change with regard to C, N, or mass since grassland
reconstruction. The lack of an increase in microaggregate‐protected C and N concentrations
over time contrasts with the conceptual model proposed by Six et al. (2000), in which no‐till
environments and decreases in disturbance favor microaggregate accumulation and slow labile
particulate organic matter decomposition. Several studies support the conceptual model
regarding tillage effects on arable lands (Bossuyt et al., 2002; Denef et al., 2004; Mikha and
Rice, 2004; Six et al., 2004). However, there are a few studies that examine microaggregate
changes from no‐till to native prairie.
One explanation for the lack of increase in microaggregates is that the croplands in our
study were managed without tillage for 3 to 5 yr prior to prairie reconstruction. Thus any gain
of microaggregates from cessation of tillage may have occurred during the time when the land
was under corn or soybean cultivation. As per Six et al. (2002), in the absence of disturbance,
the maximum amount of microaggregates in soil is limited by the percentage and mineralogy of
clay, which is essentially independent of time. Other biotic factors that could explain the lack of
observed microaggregate accumulation, such as microbial or fungal composition (Six et al.,
2006) and fine root biomass (Jastrow et al., 1998), were not examined in this study but could be
important.

Soil Organic Matter Stabilization and Metal Oxides
No statistically significant relationships were found between any of the measured soil C
and N pools and ammonium oxalate‐extractable Al. Ammonium oxalate‐extractable Fe in free
SC, microaggregate silt and clay, and 8‐mm sieved whole soil displayed no significant
relationship with pH or soil texture. The AmOx‐Fe concentrations were similar in free SC (3310
mg Fe kg–1 free SC ± 121.7 mg) and whole soil (3241 mg Fe kg–1 soil ± 82.15 mg) fractions.
However, the concentration of AmOx‐Fe in the microaggregate silt and clay fraction (6740 mg
Fe kg–1 microaggregate ± 399.2 mg) was approximately 100% greater than AmOx‐Fe in both
free SC and whole soil. As expected, the age of the reconstruction had no relationship with
AmOx‐Fe in any fraction.
However, AmOx‐Fe appears to play an important role in microaggregation. The
concentration of AmOx‐Fe in microaggregate silt and clay displayed significant rise‐to‐maximum
relationships with microaggregate silt and clay C and N concentrations (Fig. 6A, B). In addition,
there was a positive linear correlation between microaggregate silt and clay AmOx‐Fe
concentration and microaggregate silt and clay C to N ratio (Fig. 6C).
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Figure 6 Microaggregate silt and clay C (A), N (B), and C/N ratio (C) plotted against microaggregate silt
and clay ammonium oxalate‐extractable Fe. The horizontal dotted line in A and B represents the
asymptote derived from the respective rise to maximum function.

These significant positive relationships among microaggregate AmOx‐Fe and
microaggregate silt and clay C to N ratios, C, and N concentrations (Fig. 6) suggest a biochemical
shift in the type of organic materials that are stabilized on these microaggregate silt and clay
surfaces, whereas a rise‐to‐maximum relationship suggests an upper limit of short‐range
ordered Fe influence. Iron oxides can offer multiple strong SOM bonding mechanisms that can
selectively bond with C‐rich aromatic material rather than the organic matter with lower C/N
ratios favored by silt and clay particles (Hall et al., 2016; Han et al., 2016). According to Silva et
al. (2015), organically bound Fe was integral to stable microaggregate formation in a tropical
soil chronosequence. Indeed, evidence of dense Fe content was apparent in the Mollisol
microaggregates at our sites. The AmOx‐Fe concentrations on microaggregate silt and clay were
108 and 104% higher than either 8‐mm sieved whole soil or free SC AmOx‐Fe concentrations,
respectively. However, AmOx‐Fe concentration in whole soil, free SC, and microaggregate silt
and clay had no correlation with total SOC and soil N. This indicates that the effects of AmOx‐Fe
in our prairie soils, although present in microaggregates, are not strong enough to shift
protected SOM toward remnant levels. Although this finding is contrary to our initial
assumptions that greater AmOx‐Fe concentrations in the soil would correspond to higher total
SOC and soil N, the microaggregate dynamics of AmOx‐Fe within Mollisols appears worthy of
further study.
Polyvalent cations also could not explain the lack of C recovery: Ca bound to free SC may
have increased over time but total SOC still was close to equilibrium. Calcium and Mg
concentrations in the 8‐mm sieved whole soil and the free SC fraction were not associated with
C, N, or the C/N ratio of any soil fraction. We can reject our hypothesis that these polyvalent

cations were related to any C or N gains across the reconstructed prairie chronosequence. At
our sites, the large range of extracted Ca from free SC (6780–27, 740 mg Ca kg–1 free SC) also
cast doubt on any increased protection of C or N. Other experiments, which analyzed Ca
additions to soils, noted no statistical relationship with N mineralization (Tix et al., 2006) or
SOM stabilization (Stewart et al., 2008a). The increase in Ca bound to free SC over time
suggests cation transport from the subsoil via roots. Similar observations in forest stands
(Dijkstra and Smits, 2002) as well as grasslands (Jobbágy and Jackson, 2004) support this “Ca
pumping” or “nutrient uplift” hypothesis.
Conclusion
Our observations suggest that after conversion of no‐till corn–soybean cropland to
prairie, C and N concentrations in free SC increase but C and N concentrations on
microaggregate‐protected pools remain unchanged. The oldest reconstructed prairies showed
signs of reaching a new total SOC equilibrium, although these older reconstructions contained
only 64% of the SOC present in a nearby remnant prairie. In addition, these older
reconstructions appear to have ample room for additional C or N storage on free SC (Fig. 4A, B).
Even with the large mineral surface area and total mass fraction provided by free SC, the
amount of polyvalent cations and short‐range ordered metals had no significant effect on total
SOC or soil N and thus could not explain the apparent re‐equilibration of total SOC after 21 yr
under tallgrass prairie. However, unrelated to the effect of reconstruction age, estimates of
short‐range ordered Fe concentrations were twice as high on microaggregate silt and clay
surfaces than in other fractions and had significant positive associations with microaggregate

silt and clay C and N. Future physicochemical fractionation studies on Mollisols should measure
short‐range ordered Fe to see if similar relationships exist outside of our site.
If reconstructed prairies are to be used as C sinks through land use change (Smith et al.,
2014), we must first understand why SOM accumulation stagnates below the SOM levels of
nearby remnant prairies. Only then can we create a C‐neutral solution to increase
reconstructed prairie SOM levels to historical maxima. Notably, there are few manipulative
experiments of soils from prairie reconstructions. Experimental rather than observational
research may be needed to explain the causes of SOM stagnation and identify solutions. These
experiments could focus on why neither the amount nor the concentration of SOM in
microaggregates increased with time since reconstruction, as well as strategies to fill the
unrealized storage capacity of the free SC pool. It is likely that both differences in biological
communities (e.g., mesofauna) and environment (e.g., artificial drainage) contribute to the lack
of complete SOM recovery.
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Figure 2S Ammonium acetate extractable calcium located on silt/clay outside of microaggregates (free SC) plotted against the age
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Figure 3S Concentration of particulate organic matter outside of microaggregates 250‐53 microns in size (free POM)
compared to the age of reconstructed grassland.

Figure 4S Diagram of the modified fractionation procedure from Six et al. 2004 used in the study as well as an
example picture of an aggregate isolator on the upper left. MRT stands for “mean resonance time”, with MRT’s of 5
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1998
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Seeding mixtures for reconstructed prairie sites.
Species
Achillea millefolium lanulosa
Amaranthus sp.
Ambrosia artemisiifolia
Ambrosia trifida
Andropogon gerardii
Aster sp.
Aster pilosus
Bidens sp.
Bidens polylepis
Chamaecrista fasciculata
CHENOPODIUM ALBUM
Cirsium sp.
Dalea purpurea
DAUCUS CAROTA
Elymus canadensis
Eryngium yuccifolium
Eupatorium sp.
Gaura biennis
Helianthus sp.
HYPERICUM PERFORATUM
Lactuca canadensis
LACTUCA SERRIOLA
Lespedeza capitata
Monarda fistulosa
Muhlenbergia spp.
Oenothera biennis centralis
Panicum virgatum
Polygonum pensylvanicum laevigatum
Polygonum sp.
Ratibida pinnata
Rudbeckia hirta
RUMEX CRISPUS
Schizachyrium scoparium
Scirpus heterochaetus
Scirpus sp.
SETARIA FABERII
Silphium perfoliatum
Solidago rigida
Sorghastrum nutans
Sporobolus asper
TRIFOLIUM PRATENSE

1998
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003

Verbena stricta
Achillea millefolium lanulosa
Amaranthus sp.
Ambrosia artemisiifolia
Ambrosia sp
Ambrosia trifida
Amorpha canescens
Andropogon gerardii
Anemone cylindrica
Anemone virginiana
Artemisia ludoviciana
Asclepias amplexicaulis
Asclepias sp.
Asclepias tuberosa
Asclepias verticillata
Aster azureus
Aster ericoides
Aster novae‐angliae
Aster sp.
Astragalus canadensis
Baptisia bracteata var glabrescens
Baptisia lactea
Baptisia sp.
Bidens polylepis
Bouteloua curtipendula
Brickellia eupatorioides
Carex sp
Castilleja coccinea
Ceanothus americanus pitcheri
Chamaecrista fasciculata
Chenopodium sp.
Cirsium altissimum
Coreopsis palmata
Coreopsis tripteris
Crotalaria sagittalis
Croton capitatus
Dalea candida
Dalea purpurea
Daucus carota
Delphinium virescens
Desmanthus illinoensis
Desmodium illinoense
Dichanthelium oligosanthes

scribnerianum
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003

Echinacea pallida
Elymus canadensis
Elymus virginicus
Eriochloa villosa
Eryngium yuccifolium
Eupatorium altissimum
Euphorbia corollata
Euthamia graminifolia
Gaura biennis
Gentiana alba
Gentiana puberulenta
Gentiana x curtissii
Helianthus grosseserratus
Helianthus rigidus
Helianthus sp.
Heliopsis helianthoides
Heuchera richardsonii
Hieracium longipilum
Hypoxis hirsuta
Koeleria macrantha
Lespedeza capitata
Liatris aspera
Liatris cylindracea
Liatris punctata
Liatris pycnostachya
Lithospermum canescens
Lithospermum incisum
Lobelia siphilitica
Mirabilis nyctaginea
Monarda fistulosa
Oenothera biennis centralis
Onosmodium molle hispidissimum
Panicum virgatum
Parthenium integrifolium
Pedicularis canadensis
Penstemon digitalis
Phlox maculata
Phlox pilosa
POA PRATENSIS
Potentilla arguta
Prenanthes racemosa
Psoralidium batesii

2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2003
2004
2004
2004
2004
2004
2004
2004
2004
2004

Pycnanthemum pilosum
Pycnanthemum virginianum
Ratibida pinnata
Rosa arkansana suffulta
Rosa sp
Rudbeckia hirta
Ruellia humilis
RUMEX CRISPUS
Schizachyrium scoparium
Setaria faberii
SETARIA GLAUCA
Silene stellata
Silphium integrifolium
Silphium laciniatum
Silphium perfoliatum
Solidago hispida
Solidago rigida
Solidago sp.
Solidago speciosa
Sorghastrum nutans
Sporobolus asper
Sporobolus heterolepis
Stipa spartea
Teucrium canadense
Tradescantia ohiensis
Tradescantia sp
Tridens flavus
Verbena hastata
Verbena sp.
Verbena stricta
Vernonia fasciculata
Veronicastrum virginicum
Viola pedatifida
Zizia aurea
Ambrosia sp.
Amorpha canescens
Anaphalis margaritacea
Andropogon gerardii
Anemone canadensis
Anemone cylindrica
Anemone virginiana
Artemisia ludoviciana
Asclepias incarnata

2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004

Asclepias sp.
Asclepias tuberosa
Asclepias verticillata
Aster azureus
Aster ericoides
Aster laevis
Aster novae‐angliae
Aster pilosus
Aster sp.
Astragalus canadensis
Baptisia bracteata var glabrescens
Baptisia lactea
Bidens polylepis
Bouteloua curtipendula
Brickellia eupatorioides
Bromus inermis
Cacalia atriplicifolia
Cacalia plantaginea
Carex spp.
Ceanothus americanus pitcheri
Ceanothus herbaceus pubescens
Chamaecrista fasciculata
Chelone glabra
Coreopsis palmata
Coreopsis tripteris
Dalea candida
Dalea purpurea
DAUCUS CAROTA
Desmodium canadense
Desmodium illinoense
Echinacea pallida
Elymus canadensis
Elymus virginicus
Eryngium yuccifolium
Eupatorium altissimum
Eupatorium perfoliatum
Eupatorium purpureum
Euphorbia corollata
Euthamia graminifolia
Gaura biennis
Gentiana ×curtisii
Gentiana alba
Gentiana andrewsii

2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004

Gentiana puberulenta
Gentiana x curtissii
Gnaphalium obtusifolium
Hackelia virginiana
Helenium autumnale
Helianthus maximiliani
Helianthus rigidus
Helianthus sp.
Heliopsis helianthoides
Heuchera richardsonii
Hypericum pyramidatum
Koeleria macrantha
Lespedeza capitata
Liatris aspera
Liatris cylindracea
Liatris punctata
Liatris pycnostachya
Liatris sp.
Liatris squarrosa
Lilium michiganense
Lilium philadelphicum andinum
Lobelia siphilitica
MEDICAGO SATIVA
Monarda fistulosa
Muhlenbergia sp.
Oenothera biennis centralis
Onosmodium molle
Parthenium integrifolium
Pediomelum argophyllum
Phlox pilosa
Physostegia virginiana
Potentilla arguta
Prenanthes racemosa
Psoralidium batesii
Pycnanthemum pilosum
Pycnanthemum virginianum
Ratibida pinnata
Rosa arkansana suffulta
Rudbeckia hirta
Rudbeckia subtomentosa
Ruellia humilis
RUMEX CRISPUS
Schizachyrium scoparium

2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009

Scirpus sp.
Setaria glauca
Silene stellata
Silphium integrifolium
Silphium laciniatum
Silphium perfoliatum
Solidago rigida
Solidago sp.
Solidago speciosa
Sorghastrum nutans
Sporobolus asper
Sporobolus heterolepis
Sporobolus sp.
Stipa spartea
Teucrium canadense
Thalictrum dasycarpum
Tradescantia ohiensis
Tridens flavus
TRIFOLIUM PRATENSE
Verbena hastata
Verbena stricta
Vernonia sp.
Veronicastrum virginicum
Zizia aurea
Ambrosia trifida
Amorpha canescens
Andropogon gerardii
Asclepias incarnata
Asclepias sp.
Asclepias sullivantii
Asclepias tuberosa
Asclepias verticillata
Aster azureus
Aster Ericoides
Aster laevis
Aster novae‐angliae
Aster praealtus
Aster sp.
Baptisia bracteata var glabrescens
Baptisia lactea
Baptisia sp.
Bouteloua curtipendula
Brickellia eupatorioides

2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009

Cacalia atriplicifolia
Cacalia plantaginea
Carex bicknellii
Carex lupulina
Carex sp
Carex vulpinoidea
Ceanothus americanus pitcheri
Centaurea americana
Chamaecrista fasciculata
Chelone glabra
Cicuta maculata
Coreopsis palmata
Coreopsis sp.
Dalea candida
Dalea purpurea
Dalea sp.
Delphinium virescens
Desmodium canadense
Desmodium sp
Dichanthelium sp
Echinacea pallida
Elymus canadensis
Epilobium coloratum
Eryngium yuccifolium
Eupatorium altissimum
Eupatorium perfoliatum
Eupatorium purpureum
Eupatorium sp.
Euphorbia corollata
Euphorbia sp.
Euthamia graminifolia
Helenium autumnale
Helianthus grosseserratus
Helianthus maximiliani
Helianthus petiolaris
Helianthus rigidus
Helianthus sp.
Heliopsis helianthoides
Heuchera richardsonii
Hieracium sp.
Koeleria macrantha
Lespedeza capitata
Liatris aspera

2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009

Liatris ligulistylis
Liatris pycnostachya
Liatris squarrosa
Lobelia siphilitica
Lobelia spicata
Monarda fistulosa
Muhlenbergia sp.
Oenothera biennis centralis
Parthenium integrifolium
Penstemon digitalis
Phlox pilosa
Physostegia virginiana
Polytaenia nuttallii
Potentilla arguta
Prenanthes alba
Prunella vulgaris
Pycnanthemum virginianum
Ratibida pinnata
Rosa sp
Rudbeckia hirta
Rudbeckia laciniata
Rudbeckia subtomentosa
Rudbeckia triloba
Ruellia humilis
Schizachyrium scoparium
Scleria triglomerata
Setaria faberii
Silphium integrifolium
Silphium laciniatum
Silphium perfoliatum
Sisyrinchium campestre
Solidago rigida
Solidago sp.
Solidago speciosa
Sorghastrum nutans
Sporobolus asper
Sporobolus heterolepis
Stipa spartea
Teucrium canadense
Tradescantia ohiensis
Tridens Flavus
Verbena hastata
Vernonia fasciculata

2009
2009
2009
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013

Veronicastrum virginicum
Viola pedatifida
Zizia aurea
Ambrosia trifida
Amorpha canescens
Andropogon gerardii
ARCTIUM LAPPA
Aster sp.
Bouteloua curtipendula
BROMUS JAPONICUS
Euphorbia nutans
Cirsium altissimum
Dalea purpurea
Daucus carota
ECHINOCHLOA CRUS‐GALLI
Elymus canadensis
Elymus canadensis
Lactuca serriola
Lespedeza capitata
Monarda fistulosa
Ratibida pinnata
Rudbeckia hirta
SETARIA GLAUCA
Setaria faberii
Sorghastrum nutans
Sporobolus asper
Ambrosia artemisiifolia
Amorpha canescens
Andropogon gerardii
Anemone cylindrica
Asclepias tuberosa
Aster azureus
Aster ericoides
Aster laevis
Aster sp.
Baptisia bracteata var glabrescens
Baptisia lactea
Bouteloua curtipendula
Brickellia eupatorioides
Bromus inermis
Carex brevior
Ceanothus americanus pitcheri
Centaurea sp.

2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013

Chamaecrista fasciculata
CHENOPODIUM ALBUM
CICHORIUM INTYBUS
Coreopsis palmata
Dalea candida
Dalea purpurea
Daucus carota
Delphinium virescens
Echinacea pallida
Elymus canadensis
Elymus virginicus
Eryngium yuccifolium
Eupatorium altissimum
Euphorbia corollata
Festuca paradoxa
Gentiana alba
Helenium autumnale
Helianthus grosseserratus
Heliopsis helianthoides
Heuchera richardsonii
Hypericum prolificum
Koeleria macrantha
Lactuca canadensis
Lespedeza capitata
Liatris aspera
Liatris pycnostachya
Liatris sp.
Lobelia spicata
Medicago sativa
Mirabilis sp.
Monarda fistulosa
Muhlenbergia sp.
Panicum virgatum
Parthenium integrifolium
Penstemon digitalis
Phlox pilosa
Potentilla arguta
Pycnanthemum virginianum
Ratibida pinnata
Rosa spp.
Rudbeckia hirta
Rudbeckia subtomentosa
Ruellia humilis

2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014

RUMEX CRISPUS
Schizachyrium scoparium
Scirpus sp.
SETARIA FABERIi
SETARIA GLAUCA
Silphium integrifolium
Silphium laciniatum
Silphium perfoliatum
Sisyrinchium campestre
Solidago nemoralis
Solidago rigida
Solidago sp.
Solidago speciosa
Sorghastrum nutans
Spartina pectinata
Sporobolus asper
Sporobolus heterolepis
Stipa spartea
Tradescantia ohiensis
Verbena stricta
Vernonia baldwinii
Vernonia sp.
Veronica arvensis
Viola pedatifida
Zizia aurea
Amorpha canescens
Andropogon gerardii
Anthemis cotula
Asclepias syriaca
Aster azureus
Aster ericoides
Aster laevis
Aster oblongifolius
Aster pilosus
Aster sp.
Baptisia bracteata var glabrescens
Baptisia lactea
Bouteloua curtipendula
Brickellia eupatorioides
Ceanothus americanus pitcheri
Chamaecrista fasciculata
Dalea candida
Dalea purpurea

2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014

Delphinium virescens
Echinacea pallida
Elymus canadensis
Elymus virginicus
Eryngium yuccifolium
Eupatorium altissimum
Eupatorium sp.
Gentiana alba
Guizotia abyssinica
Heliopsis helianthoides
Heuchera richardsonii
Juncus tenuis
Koeleria macrantha
Lactuca canadensis
Lespedeza capitata
Liatris aspera
Lobelia spicata
Mirabilis nyctaginea
Monarda fistulosa
Penstemon digitalis
Phlox pilosa
Polytaenia nuttallii
Potentilla arguta
Pycnanthemum virginianum
Ratibida pinnata
Rosa spp.
Rudbeckia hirta
Ruellia humilis
Schizachyrium scoparium
Scirpus sp.
Silene stellata
Silphium integrifolium
Silphium laciniatum
Solidago canadensis
Solidago nemoralis
Solidago rigida
Solidago sp.
Solidago speciosa
Sorghastrum nutans
Sporobolus asper
Sporobolus heterolepis
Tradescantia ohiensis
Tradescantia ohiensis

2014
2014
2014
2014
2014

Verbena stricta
Verbesina alternifolia
Vernonia baldwinii
Vernonia fasciculata
Viola pedatifida

