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Abstract

1.

Active restoration often aims to accelerate ecosystem recovery. However, active
restoration may not be worthwhile if its effects are overwhelmed by changes that
occur passively. Moreover, it can be challenging to separate the effects of pas-
sive processes, such as dispersal and natural succession, from active restoration

efforts.

. We assess the 24-year impact of actively restoring a Minnesota old-field grassland

via seed addition of native tallgrass prairie species. We compared the abundance
of four functional plant groups in actively restored plots against abundances in
three reference classes: (1) unrestored plots undergoing passive recovery within
the same old field, (2) passively recovering plots in two nearby old fields of similar

age and (3) a chronosequence of 21 old fields within the same landscape.

. Active restoration led to a higher abundance of native grasses and forbs in the

36m? treatment plots. Seed addition was more effective if the original vegeta-
tion was first removed using herbicide, burning and tilling. However, long-term
conclusions about the efficacy of active restoration varied widely depending on

the choice of reference class.

. In our small-scale restoration experiment, native abundance was similarly high in

both the actively restored and reference plots after 24 years, suggesting either
(1) passive recovery or (2) local dispersal of native species from nearby treatment
plots (i.e. cross-contamination). In contrast, a comparison with two nearby ref-
erence fields suggested active restoration resulted in much higher native abun-
dance relative to passive recovery. A smaller, positive effect was detected when
we compared actively restored plots to the chronosequence of old fields. In the
chronosequence, many passively recovering old fields had transitioned to native
grass dominance naturally, although active restoration appeared to increase na-

tive forb abundance.

. Synthesis and applications: Our findings highlight the importance of using scale-

appropriate references for assessing the efficacy and need for active restoration.
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1 | INTRODUCTION

Plant communities typically recover through secondary succes-
sion following major disturbances or perturbations. However, var-
ious factors can hinder recovery and prevent the ecosystem from
reaching a desired state. For example, legacies of past land use can
lead to novel ecosystem states with no historical analogue (Hobbs
et al., 2009). Agricultural activities, such as ploughing or fertiliser
addition, can create conditions that are unfavourable to native spe-
cies (Isbell et al., 2013). Furthermore, the introduction of non-native
plants can alter the trajectory of vegetation change through mecha-
nisms such as competition, priority effects or altered plant-soil feed-
backs (Fukami, 2015). Large-scale environmental drivers, including
changes in nitrogen deposition, climate or fire regimes, may also fun-
damentally alter the direction of successional change (MacDougall
et al., 2004; Williams & Jackson, 2007).

Ecological restoration aims to overcome the drivers preventing
system recovery and re-establish desired plant species, thereby
shifting successional trajectories towards desirable ecosystem
states (Gann et al., 2019). Worldwide, agricultural activities such
as grazing and fertiliser addition have resulted in many grasslands
being transformed into non-native-dominated pastures (Cramer
et al.,, 2008). When agricultural disturbances cease and no active
restoration is attempted, these grasslands will undergo passive re-
covery. In some cases, old-field grasslands appear to stably persist
in undesirable non-native-dominated states (Buisson et al., 2022). In
such cases, active restoration may be required to reduce non-native-
dominance and promote native species establishment.

Nevertheless, the long-term benefits of active restoration in
grasslands are unclear. While active restoration that re-introduces
native species can have positive outcomes within 2-5years (e.g. Kiehl
et al., 2010; Kiehl & Pfadenhauer, 2006; Pywell et al., 2002, 2006),
these effects may diminish over time (Shackelford et al., 2021).
Although active restoration can speed up ecosystem recovery, pas-
sive recovery may achieve similar outcomes over decades to cen-
turies (Jones et al., 2018). Unless rapid recovery is needed, active
restoration may be unnecessary and a misallocation of resources if
actively and passively restored sites follow the same successional
trajectory albeit at different rates.

Evaluating the impact of active restoration requires estimating
what would have occurred at the actively restored site if it had been
allowed to recover passively. This is usually achieved by comparing
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Comparing actively restored plots with the surrounding landscape, we found that
active restoration and passive recovery led to similar plant communities after
24 years. Because local dispersal from actively restored sites can nearby refer-
ences, caution should be exercised when evaluating long-term restoration pro-

jects using only small-scale experiments.

degraded grasslands, ecological restoration, seed addition, succession

actively restored sites with comparable, unrestored reference sites.
However, identifying appropriate reference sites can be challenging.
Many studies use local reference plots nested within an actively re-
stored site (Christie et al., 2019). While local reference plots share
similar environmental conditions and plant composition with ac-
tively restored plots, small-scale experiments are prone to cross-
contamination through local propagule dispersal, particularly when
sowing or planting in new species. Keeping local reference plots
independent from active restoration treatments over long time pe-
riods can be difficult (Furey et al., 2022). Some studies overcome
this problem by using reference plots from sites with a similar land
use history as the restoration plots but located further away (Ribas
et al., 2021). However, finding closely matched reference sites may
be challenging if there is spatial variation in the successional trajec-
tories of recovering plant communities due to differences in site his-
tory, soil type, topography or herbivore pressure (Woods, 2007). A
third approach is to consider a chronosequence of sites with similar
land use history but differing in successional age. Chronosequences
may better capture the likely range of long-term successional tra-
jectories within a landscape (Foster & Tilman, 2000), irrespective
of localised differences in factors such as site history and soil type.
However, chronosequences require a more intensive sampling effort
and may not always be available.

Here, we aimed to (1) assess whether active restoration facili-
tates grassland recovery relative to passive background succes-
sional change and (2) determine whether the choice of reference
sites affects assessment of restoration success. We report results
from a 24-year-old active restoration experiment at Cedar Creek
Ecosystem Science Reserve (henceforth Cedar Creek) in Minnesota,
United States, which aimed to restore native dominance in a de-
graded old field undergoing secondary succession. Old fields at
Cedar Creek transition from non-native dominance to native domi-
nance with increasing time since abandonment (Catford et al., 2023).
Although this transition is relatively predictable (Clark et al., 2018),
some fields have divergent trajectories and remain in non-native-
dominated states (Isbell et al., 2019).

We examined the effect of adding seed of native grasses and
forbs in a single old field, in combination with other treatments de-
signed to remove non-native vegetation that established following
agricultural abandonment. We compared outcomes in actively re-
stored plots with outcomes in three different sets of passively re-
covering reference plots that are no longer used for agriculture but

a ‘0 ¥99TSIET

:sdny woxy

QSUAOIT SUOWO)) A1) d[qeardde oy £q pauIdA0S a1k SI[ONIE V() (3sN JO sa[NI 10] AIRIQIT SUI[UQ AJ[IA| UO (SUONIPUOD-PUB-SULIA)/WOD"KIIM"ATRIqI[aUI[u0//:Sd1Y) SUONIPUO)) pue SWIS ] o) 938 “[$Z707/01/+7] uo Areiqu auruQ A3 QT BIOSIUUTIA JO ANSIOATUN AQ 8LLE T $99T-SOET/TT11 0 1/10p/WO KS[IMm"


https://besjournals.onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2F1365-2664.14778&mode=

O'REILLY-NUGENT ET AL.

have not been actively restored: (1) at a local scale, using untreated
plots within the actively restored field, (2) using local reference plots
plus two passively recovering fields matched by time since abandon-
ment and (3) using local reference plots plus a chronosequence of
21 old fields within the same landscape, including the two fields of
similar age. Each set of references provided different information
on landscape-level trajectories of recovery, which affected our con-
clusions regarding the long-term effectiveness of active restoration.
Our findings have important implications for the design and evalua-
tion of long-term restoration projects, as well as for understanding
the factors influencing the success of active restoration in grassland
ecosystems.

2 | MATERIALS AND METHODS
2.1 | Study location and design

The study was conducted at Cedar Creek Ecosystem Science Reserve
(hereafter Cedar Creek) in East Bethel, Minnesota (45.4086"N,
93.2008” W), which is a ~2200ha area that includes a mosaic of ex-
agricultural, prairie and oak savanna communities, as well as wood-
lands and wetlands. (Supporting Information: About the study site).
No permits were required.

The active restoration experiment was carried out in a single
field (FO), which was abandoned in 1965 (Svenson, 1995). In May
1993, 35 plots were established in FO. Plots were 6 mxém in size
and arrayed in a 36 mx48m grid with 1 m buffers between plots.
The experiment followed a psuedoreplication design wherein
six treatments were compared against a single non-intervention
[Clontrol treatment. Treatments were randomly assigned to in-
dividual plots, resulting in five replicates for each treatment
(Table 1). Six combinations of active restoration activities included
[Sleed addition of 18 native grassland species (5 grasses and 13
forbs; Table S1). Five treatments included additional site prepara-
tion: [B]urning, [H]erbicide, [T]illing or seeding of a [N]urse crop
species. These treatments were intended to increase the success
of native seed addition by inhibiting or removing the resident non-
native species and/or remediating local nutrient cycles. Species
cover was visually surveyed in four 1m? quadrats in each plot,
5months after treatment in September 1993 and again in August
1994 (hereafter both surveys together referred to as ‘Survey 1
see also Supporting Information: Detailed survey methods). In
1995, all plots in the field were burned as part of standard man-
agement of the field. Fifteen plots corresponding to treatments
C, S and SBT were resurveyed in 1999 and 2000 (‘Survey 2).
Survey 2 measured species biomass, rather than cover. Quadrats
within these plots were disturbed and had non-native seed added,
but quadrat level effects did not persist long term (Blumenthal
et al., 2005; Supporting Information: Disturbance and re-invasion

sub-experiment). All 35 restoration plots were then resurveyed in
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TABLE 1 Summary of six restoration treatments and one control
applied to field FO in 1993.

Code Treatments

C Control (passively recovering)

S Seed only

SB Seed, Burned

SBH Seed, Burned, Herbicide

SBT Seed, Burned, Tilled

SBTN Seed, Burned, Tilled, Nurse crop
SBTH Seed, Burned, Tilled, Herbicide

Note: Seed addition aimed to establish persistent populations of native
species, additional treatments were intended to increasing the success
of native seed addition. Herbicide-treated plots were sprayed with
glyphosate (Roundup®; 110mL/m?) on the 15 May 1993. Burning
occurred on the 15 June 1993. Tilled plots were rototilled to ~8.cm,
raked and packed on 17-18 June 1993. Native species seed composition
is described in Table S1.

June 2017 (‘Survey 3’), visually recording cover in the same four
quadrats.

We analysed the change in native species dominance over
time in the active restoration plots, then compared these to non-
intervention reference plots, two passively recovering old fields
matched by time since abandonment and a chronosequence of 21
old fields. All fields are distributed within a ~3.5km radius, often
separated by roads, waterways or forest fragments, and therefore
treated as spatially independent units. The two age-matched old
fields (F1 and F2) are included in the larger chronosequence and
were measured using the same sampling protocol. F1 and F2 were
initially similar to the actively restored FO in terms of successional
age and ex-agricultural plant communities. The fields (F1-F21)
form a 70-year successional chronosequence with the earliest year
of field abandonment in 1927 and the most recent in 1997 (Inouye
et al., 1987). The fields previously produced corn, oats, potato,
rye and soybeans but otherwise share similar post-abandonment
histories. In each of the 21 old fields, four 40m transects were
established in 1983: Two transects are regularly burned, and two
transects are unmanaged. Burning was not conducted in one field,
and burned plots are not included in our analyses. All fields are
disturbed by herbivores (e.g. insects, deer and gophers). Species
cover was visually surveyed along the four 40 m transects in each
field (1mx0.5m plots, 1m between plots; 25m between tran-
sects; Supporting Information: Detailed survey methods). Surveys
were conducted in 1983, 1989, 1994, 1997, 2002, 2006, 2011 and
2016 (Clark et al., 2018). We address differences in survey pro-
tocol, observer perception and plot size between the restoration
experiment and the chronosequence. Cover or biomass observa-
tions are standardised to represent functional group abundances
normalising raw observations by the standard deviations of each
group, in each survey (Supporting Information: Data compilation).

We do not address differences in plot layout between fields.
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2.2 | Statistical analyses

We represent the successional trajectory of passive recovery as
a saturating growth curve fitted to the standardised abundance
of four functional groups: native grasses, native forbs, non-native
grasses and non-native forbs. Woody species were rare and are ex-
cluded from our analyses. If passive restoration leads to the recovery
of native vegetation dominance, we expect that the growth curve
will trend upward (from a low starting abundance) for native spe-
cies and trend downwards (from a high starting abundance) for non-
native species. However, due to natural variability, we also expect to
observe fluctuations in abundance between surveys. For each func-
tional group, we accounted for stochastic fluctuations by estimating
autocorrelated noise with a ‘mixing’ parameter that estimated the
degree to which abundance in one time survey was correlated with
abundance in the previous survey. This approach is flexible enough
to allow functional groups with strong autocorrelation to have di-
vergent trajectories, and for ‘flat’ but fluctuating successional tra-
jectories if the changes in abundance are entirely stochastic (i.e. no
long-term, unidirectional outcomes).

Within each plot, we modelled patterns of vegetation change as
a function of time, with the abundance of each functional group in-
creasing or decreasing monotonically. We modelled the relationship
between functional group abundance A and time since abandonment
t in each plot using a type lla parameterisation of the Gompertz

curve (Tjgrve & Tjgrve, 2017), with three parameters:

AKTijkl]

AW®[i] = Xk[ijr] * (

where q is the initial functional group abundance at the time of aban-
donment (t=0), o, is the expected long-term asymptotic abundance,
and r is the intrinsic rate of increase in abundance of functional group
iin plot j in field k given restoration treatment I. All parameters were
constrained to be positive. Our parameterisation has several desir-
able characteristics. It has a positive intercept (meaning we can model
non-zero starting abundances), and the rate of change in abundance
will increase or decrease given higher or lower values for the asymp-
totic abundance, a;. Changes in long-term asymptotic abundance will
also alter the point of inflection between initial and asymptotic abun-
dances across a wide range of realistic trajectories (increasing, stable
and declining). In this parameterisation, «, and a, are independent
and the greater the difference between abundances at the start and
end, the longer succession would take for a given r. Restoration treat-
ments affected the trajectory of vegetation change by increasing or
decreasing oy, the expected asymptotic abundance within a given plot.
Alternative curves or co-dependencies between functional groups are
not explored.

We did not observe a, and « directly but modelled them as
latent parameters. Parameter estimates were drawn from hierar-
chical normal distributions, with functional group-level means and
plot-level random effects. Distributions for &, and &, shared a com-
mon standard deviation parameter for each functional group to
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constrain the initial and asymptotic abundances to the same scale.
We estimated our model parameters in a Bayesian framework
using Hamiltonian Monte Carlo. Our model structure and priors
are described more fully in an appendix (Supporting Information:
Model fitting). We include a left-censored lognormal observation
component to describe the probabilistic distribution of our data
and observations of zero abundance. From the fitted models, we
generated 1200 samples of the posterior predictive distribution
of expected abundance for each functional group, in each plot at
a fixed age, t=>52, which was the successional age of FO in 2017.
These samples represent possible unobserved values conditional
on the data, capturing our uncertainty in the underlying succes-
sional trajectory of each field, but ignore plot-level random effects
and autocorrelation between observations. We use these poste-
rior samples to evaluate whether native dominance is expected in
a field, both asymptotically and 52 years after abandonment (coin-
ciding with the age of FO in Survey 3).

We calculated response ratios (RR) to compare the effects of
active restoration treatments on functional group abundance rela-
tive to passively recovering control plots. For each treatment and
functional group combination, we calculated the log response ratio
as RR=log(y;/y ), where y; and y_ are the mean abundances in treat-
ment and control plots, respectively We repeated this analysis using
three sets of data each with a different reference group: (1) stan-
dardised abundance data from field FO in 2017, with five replicates
for each of the seven treatments, with the control plots as the ref-
erence group; (2) posterior samples of the expected standardised
abundance in each treated FO plot 52 years after abandonment, com-
paring treatment plots to 105 control plots from fields FO-F2; and (3)
posterior samples from treated plots in FO, but comparing these with
1105 control plots from fields FO-F21. We calculated the standard
deviation o, of the aggregate response ratio, pooling the RR from
all six restoration treatments to account for potential bias in using a
single set of controls for repeated comparisons (Lajeunesse, 2011).
Significant effects were determined by examining whether the cred-
ible interval of each response ratio (Cluz=RR+1.96 - 6.) included
zero. A positive RR indicates higher functional group abundance in
treatment plots compared with control plots, while negative RR in-

dicates the opposite.

3 | RESULTS

Twenty-four years after seed addition, actively restored plots in
field FO had transitioned to native dominance (Figure 1; Table S1).
Although native grasses had low abundance in Survey 1 (1993-94),
they had exceeded their non-native counterparts in all plots by
Survey 3 (2017). Native forbs recruited best in plots where the ex-
tant community was removed by tilling or herbicide application and
became moderately abundant in all plots by Survey 3. Non-native
grasses had high abundance in Survey 1 and decreased to low levels
in all plots by Survey 3. Non-native forbs remained in low abundance
throughout.
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FIGURE 1 Abundance of native and Grasses Forbs
non-native grasses and forbs in field FO in Survey 1 ' Survey 2 ! Survey 3 ' '
each survey. Active restoration treatments 44 ' ' ' '
(light blue) are ordered, from left to right: ' ¢: ' .
Seed addition only, seeding + burning, = 31 X X : | =
herbicide and burning, burning, and tilling, g, : : : | %’_
burning, tilling and a nurse crop, and 5 : : | le )
1 1 1 1
herbicide, burning and tilling in Surveys E 14 ! ! . ! !
1 and 3. Only reference plots and those -8 d;ﬁ: . ! m ﬁ. 'S - :.
that received seed addition only, or seed 8 o] —seth en - ! M ' - . =E ! S’
addition plus herbicide, burning and tilling a2 ] i ] ]
1 1 1 1
were measured in Survey 2. n=5 for each 8 44 ! ! ! !
combination of treatment and year. % ! ! ! !
O 31 1 1 1 1 g
C 1 1 1 1 >S5
3 1 1 1 1 5
.Q ] 1 1 1 1 o
<? ! - ! ! 2
|* 1 1 1 é
14 : * P! : :
| EF:F $| | ° |
o Ko | £ o HF S e
— - — N N — - — N N
(e} O (e} o o (e} (o] (e} o o
[(e} (e [(e} o = [(e} (o] [(e} o =
w B (] o ~ w H (] o ~
B Control B3 Seed addition
TABLE 2 Response ratios (RR) and S . . - . . .
associated uncertainties of restoration eatme RR s &2 Sl S S SR
treatments compared with unrestored Single field (FO; # control plots=5)
plots [C], calculated using the expected Non-native 0076  -002 -035 -028 -057 -035  -0.69
abundance of each functional group grasses
at t=52 (equivalent to the age of the .
Nat| 0.127 -0.08 0.03 0.02 -0.05 0.13 0.18
restored field in 2017). ative grasses
Non-native forbs 0.541 0.23 -0.11 -0.22 0.17 -0.99 0.12
Native forbs 0313  -065 -028 -0.11 0.06 0.2 -0.11
Age comparable old fields (FO-F2; # control plots=105)
Non-native 0.115 -0.03 0.18 -1.52 -0.51 -0.51 -1.09
grasses
Native grasses 0.518 3.98 3.90 3.85 . 4.28 4.35
Non-native forbs 0.167 -0.86 -1.50 -0.02 -0.04 -0.35 -0.53
Native forbs 0.346 1.96 2.42 2.91 2.8 2.80 2.68
Landscape chronosequence (FO-F21; # control plots=1105)
Non-native 0.047 0.16 0.22 -0.61 -0.17 -0.09 -0.36
grasses
Native grasses 0.058 0.41 0.35 0.42 0.45 0.51 0.58
Non-native forbs 0.051 -0.01 -0.24 0.26 0.32 .10 0.09
Native forbs 0.041 0.49 0.63 0.94 0.90 89

Note: 6pq is the aggregate standard deviation across the response ratios of all six treatments.
Positive values indicate greater abundance after restoration compared with controls. RR where the
95% credible interval does not span zero are italicised and underlined.

3.1 | Active restoration compared with passively
recovering reference plots in the same field (FO)

Relative to the reference plots in field FO, native grass abundance
was higher in the active restoration plots for the first 7years, but
by 24 years native grass abundance was similarly high in both active
restoration and reference plots (Figure 1). Native forb abundance
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peaked in the restoration plots 1year after the restoration treat-
ments but then declined such that native forb abundance was simi-
lar in the restoration and reference plots after 24 years. Response
ratios (RR; logarithm of the ratio of abundance in restored relative
to reference plots, 52years after field abandonment) revealed lit-
tle difference in native grass and forb abundance between passive
recovery and active restoration treatments, but non-native grass
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abundance was consistently lower in active restoration plots where
the ex-agricultural plant community was removed before seed ad-
dition (Table 2). Based on comparisons with unrestored reference
plots in the same field, functional group composition was similar
between passively recovering and actively restored plots 24 years
after intervention. Beyond the first few years, natural succession or
local dispersal from the actively restored plots achieved the same

outcome as active restoration.

3.2 | Comparison with passively recovering old
fields of a similar age (FO vs. F1 and F2)

The increase in native abundance of passively recovering plots in
FO was not evident in similarly aged nearby old fields (F1 and F2;
Figure 2). While there were pronounced fluctuations in abundance
between surveys within plots, and all functional groups had strong
autocorrelation between observations (estimates of §, a meas-
ure of autocorrelation, were all greater than 0.5, see Supporting
Information: Model Fitting), reference plots in F1 and F2 showed lit-
tle change over time and remained dominated by non-native grasses.
In reference plots in FO, native grasses were the only functional
group that increased over time.

After controlling for autocorrelated stochastic variation, some
treatment effects were detectable when comparing restored and
reference plots in FO, F1 and F2 (Table 2). The most pronounced
effect of active restoration was the uniform increase in native
grass (RR between 3.98 and 4.35) and native forb abundance (RR
between 1.96 and 2.91). Restoration treatments that combined
the application of herbicide with burning and/or tilling (SBH and
SBTH) were more effective at reducing the abundance of non-
native grasses in FO than other treatments (e.g. RRgg,,=-1.52;
Cl=[-1.74, -1.29]). In this comparison, active restoration ap-
peared to substantially increase the abundance of native grasses
and forbs.

3.3 | Comparison with a landscape
chronosequence of passively recovering old fields (FO
vs. F1-F21)

We detected some effect of active restoration when we com-
pared the active restoration plots in FO with reference plots across
multiple fields that spanned a range of successional ages (i.e. our
chronosequence; Figure 3). Trends across all 21 fields in the chron-
osequence showed that native grasses often dominated second-
1=4.09, CI=[3.53, 4.65];
Figure S1). Non-native grasses and non-native forbs were predicted

ary grassland communities (o, [Native grasses
to have greater asymptotic abundance (a,) than natives in less than
half (27% and 37%, respectively) of passively recovering fields.
Using an expanded set of fields dramatically increased the
statistical power of our study to detect differences between the
active restoration plots in FO and reference plots (Table 2). With
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FIGURE 2 Change in abundance over time of native and non-
native grasses and forbs in FO relative to similarly aged old fields (F1
and F2; 56years since abandonment). Functional group abundances
in passively recovering reference plots [C] are shown for each field
(dark black lines) and compared with actively restored plots in FO
(light grey lines). White dashed lines show the modelled trajectory
of passive recovery in each field (95% credible intervals in blue).
Estimates of § (our estimate of the level of autocorrelation) that

are >0.5 suggest functional group abundance is highly correlated
between measurements.

increased power, we observed small but clear positive effects of
seed addition on the abundance of native grasses (RR between
0.41 and 0.58) compared with 1105 unrestored reference plots
across all 22 fields. Non-native grasses decreased in plots that re-
ceived herbicide (e.g. RRgg,,=-0.61; CI=[-0.70, -0.52]), but there
was no clear pattern of effects on non-native forb abundance in
restored plots. The most striking effect of active restoration was
the greater abundance of native forbs after 27 years, especially in
plots that had seed addition plus disturbance: RR values in some
disturbed plots were almost double those in plots that received
seed addition only (between 0.63 and 0.94 in disturbed plots rel-
ative to 0.49 in seed addition only plots), and up to double that
of grasses undergoing the same treatments. Our comparison with
a broader grassland chronosequence indicated that active resto-
ration enhanced ecosystem recovery more than we would expect
from natural succession alone. However, the estimated effect sizes
were up to 10 times lower than estimated by comparison with old
fields of a similar age (Table 2).
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FIGURE 3 Functional group abundance in the field FO set against a successional background of 21 passively recovering old fields. Red
lines show abundances in actively restored plots in FO; grey lines show passively recovering plots from fields FO-F21. The modal (most
common) trajectory for each group is shown by the yellow line, with shading representing 95% posterior credible intervals. Tick marks on
the right of each panel show the distribution of standardised abundances in FO at successional age 52 (red), compared with the distribution
of abundances observed across all fields (grey). Tick marks at the top of each panel show the ages are represented by 34 years of surveys.
Actively restored plots had lower non-native abundance than the predicted long-run outcome of natural succession («,), and higher

abundance for native grasses and forbs.

4 | DISCUSSION

When populations of native species are present in the surround-
ing landscape (i.e. seed sources), secondary grasslands dominated
by non-native species can sometimes recover to native dominance
passively via species dispersal and colonisation (Buisson et al., 2022;
Fensham et al., 2015). In such situations, active restoration may be
required only when native species pools are absent or depauperate
(Li et al., 2015, 2016). We compared three decades of plant commu-
nity change in actively restored plots with the successional trajectory
of reference plots undergoing passive recovery at three different
scales. Within the same field, passively recovering plots achieved
the same recovery outcome as actively restored plots. However, the
abundance of native grasses and forbs in the actively restored plots
was higher than in two nearby old fields and, to a lesser degree, than
the mean successional trend in a chronosequence of 21 passively
recovering old fields.

Nevertheless, our results revealed that the ability to detect a
successful outcome of active restoration depends on the choice of
reference. Small-scale restoration experiments could produce mis-
leading results in the long term if seed addition to restored plots
also reduces dispersal limitation in local control plots. Compared
with untreated reference plots within the actively restored field,
active restoration was clearly effective in the first 7years, but
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after 24 years active and passively restored plots had similar vege-
tation composition. However, passively recovering plots in nearby
similar aged old fields (F1 and F2) showed little signs of recovery.
This suggests that passively recovering plots in the same field (FO)
as the actively restored plots may have benefited either from the
restoration efforts, for example through local dispersal of native
propagules present in actively restored plots, or because all plots
in the field were on a long-term successional trajectory toward
native dominance, independent of active restoration. Indeed,
our comparison with the chronosequence of 21 passively re-
covering old fields revealed that natural succession often led to
native dominance. Other studies have shown that studies grass-
land experiments may be confounded by dispersal from plots re-
ceiving interventions to non-intervention reference plots (Furey
et al., 2022), and our study shows that only a few matched refer-
ences were insufficient to detect landscape-scale trends.
Previous work has recommended restoration study designs
should use one or two matched reference sites (Ruiz-Jaen &
Mitchell Aide, 2005). However, leveraging the large amount of
data from the full Cedar Creek chronosequence highlighted the
range of natural successional trajectories old fields followed and
demonstrated that remaining in a non-native-dominated state was
atypical at the landscape scale. Moreover, the two old fields cho-
sen as our closely matched reference sites (F1 and F2) performed
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worse than expected given their age in comparison with old-field
successional trajectories sampled more widely across the land-
scape. We thus caution that only one or two matched reference
sites may be insufficient to judge restoration outcomes if there
is variation in successional trajectories. We identified a stronger
positive effect of active restoration when restored plots were
compared with the two matched old fields relative to the range of
outcomes across the full chronosequence.

For restoration of tallgrass prairie in these Minnesota old fields,
our results suggest that active restoration is primarily important for
reducing dispersal limitation, particularly for native forbs. The fact
that both native grasses and native forbs recovered in disturbed
and undisturbed plots in FO suggests that establishment limitation
was relatively unimportant. Our estimate of the long-term effects of
seed addition through comparison with the full Cedar Creek chrono-
sequence, suggests dispersal limitation commonly limits forb recov-
ery, even over many decades. Native grasses appear to be dispersal
limited in some old fields but not others given the variation in recov-
ery among fields. This difference between grasses and forbs may
not have been detected in the comparison with local reference plots
(within FO) if local seed dispersal overcame long-term establishment

limitation.

4.1 | Implications for management

While short-term, experimental studies have repeatedly confirmed
the positive effects of active restoration via seed addition (Kiehl
et al.,, 2010; Kiehl & Pfadenhauer, 2006; Pywell et al., 2002, 2006),
global meta-analyses have found limited long-term efficacy of active
restoration in natural ecosystems (Jones et al., 2018; Shackelford
et al.,, 2021). These conflicting results might reflect that the benefits
of active restoration are limited in the long term. This can be due to
the failure of restored species to establish or persist (Shackelford
et al., 2021) or, alternatively, due to passive ecosystem recovery
without intervention. Where passively recovering ecosystems tran-
sition to native dominance anyway, then the long-term impact of
active restoration may only be to achieve native dominance more
quickly. The present study provides an example of an ecosystem in
which passive restoration often yields native dominance, but active
restoration can both speed recovery and improve long-term recov-
ery of native forbs.

The availability of an existing dataset on the Cedar Creek
chronosequence allowed us to identify the range of natural suc-
cessional pathways that old fields follow. Our fitted models indi-
cated that around one-third of the old fields are not expected to
increase in native dominance following agricultural abandonment
(Figure S1). These non-recovering fields may occupy apparently
stable, non-native-dominated states (Shriver et al., 2019; Suding
et al., 2004) and are likely to be good candidates for active resto-
ration. This finding suggests that there is considerable opportu-
nity to accelerate the transition to native dominance even if the
long-term outcomes of passive and active restoration are similar.
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Nevertheless, we required data from multiple old fields and many
years of surveys to make this assessment and identify sites most
likely to benefit from active restoration. Covariates related to eco-
system recovery processes, such early compositional indicators,
may also be predictive of restoration outcomes (Holl et al., 2018),
but landscape-scale monitoring is necessary to identify the range
and likelihood of possible successional outcomes. We propose that
good practice in the design of long-term restoration experiments
should include: (1) using extensive assessments created by, for ex-
ample, spreading out randomised restored and control plots over
large areas to increase spatial independence (Record et al., 2021);
(2) revisiting permanently marked plots (Lindermayer et al., 2022);
and (3) sharing of data and survey protocols in openly accessible
repositories to enable the harmonisation of long-term collections
(Sutter et al., 2015). The increasing availability of long-term refer-
ence datasets can provide opportunities for practitioners to as-
sess likely successional trends while planning active restoration
interventions.
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Figure S1. Some fields are predicted to remain in non-native
dominated states.

Table S1. List of extant and added species in the restored experiment
(field FO).

Table S2. Non-native forb species seeded in Disturbance and
invasion sub-experiment (Blumenthal et al., 2005).

How to cite this article: O'Reilly-Nugent, A., Blumenthal, D.
M., Wandrag, E. M., Duncan, R. P., & Catford, J. A. (2024).
Active restoration after three decades: Seed addition
increases native dominance compared to landscape-scale
secondary succession. Journal of Applied Ecology, 00, 1-10.
https://doi.org/10.1111/1365-2664.14778

a ‘0 ¥99TSIET

:sdny woxy

QSUAOIT SUOWO)) A1) d[qeardde oy £q pauIdA0S a1k SI[ONIE V() (3sN JO sa[NI 10] AIRIQIT SUI[UQ AJ[IA| UO (SUONIPUOD-PUB-SULIA)/WOD"KIIM"ATRIqI[aUI[u0//:Sd1Y) SUONIPUO)) pue SWIS ] o) 938 “[$Z707/01/+7] uo Areiqu auruQ A3 QT BIOSIUUTIA JO ANSIOATUN AQ 8LLE T $99T-SOET/TT11 0 1/10p/WO KS[IMm"


https://doi.org/10.1038/s41559-021-01510-3
https://doi.org/10.1111/ele.13291
https://doi.org/10.1016/j.tree.2003.10.005
https://doi.org/10.1016/j.tree.2003.10.005
https://doi.org/10.1002/wsb.548
https://doi.org/10.1371/journal.pone.0178691
https://doi.org/10.1371/journal.pone.0178691
https://doi.org/10.1890/070037
https://doi.org/10.1658/1100-9233(2007)18%5B543:pcacil%5D2.0.co;2
https://doi.org/10.1658/1100-9233(2007)18%5B543:pcacil%5D2.0.co;2
https://doi.org/10.1111/1365-2664.14778
https://besjournals.onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2F1365-2664.14778&mode=

	Active restoration after three decades: Seed addition increases native dominance compared to landscape-­scale secondary succession
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study location and design
	2.2|Statistical analyses

	3|RESULTS
	3.1|Active restoration compared with passively recovering reference plots in the same field (F0)
	3.2|Comparison with passively recovering old fields of a similar age (F0 vs. F1 and F2)
	3.3|Comparison with a landscape chronosequence of passively recovering old fields (F0 vs. F1–F21)

	4|DISCUSSION
	4.1|Implications for management

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


