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Abstract
1. Elevated soil nitrogen (N) resulting from pollution, fertilizer and woody en-

croachment in grasslands enhances invasion pressures from weedy plant spe-
cies. Sawdust, sucrose and other labile carbon (C) sources can be used as a soil 
amendment to combat the growth of fast- growing, invasive non- native plants by 
immobilizing soil N.

2. Here, we present a systematic review of 83 publications, and a meta- analysis 
from 48 publications. Using hierarchical mixed- effects meta- analytic models, 
we synthesized 655 responses from native plants and 486 responses from non- 
native weeds to quantify the overall effect of C addition. We explored the pos-
sible explanations for variation in effect, such as differences in study conditions 
and how C was applied.

3. Carbon addition studies were almost exclusively reported from the United 
States, Australia and Canada (93%). The majority of papers (63%) did not include 
any cost information.

4. Overall, C addition significantly decreased non- native weed abundance, but did 
not significantly affect native plant abundance. A C application rate of at least 
210 g C m−2 year−1 (5 Mg sucrose ha−1 year−1 or 4.6 Mg sawdust ha−1 year−1) de-
creased non- native weed abundance, but a rate of 2110– 3000 g C m−2 year−1 
(50– 71 Mg sucrose ha−1 year−1 or 46– 65 Mg sawdust ha−1 year−1) was required to 
significantly increase native plant abundance. Carbon addition was most effec-
tive in the western USA and southeastern Australia, and when used to suppress 
non- native grasses (annual or perennial) and annual forbs. Simultaneous seeding 
of native species prevented an overall decrease in native plant abundance.

5. Synthesis and application. When there is a nearby and inexpensive source of C 
available, we recommend C addition with simultaneous seeding of native spe-
cies to control invasive non- native grasses and annual forbs in semi- arid and arid 
regions of the western USA and southeast Australia. In contrast to other weed 
control measures, especially herbicide, C addition does not significantly harm 
native perennial plants. Future studies should implement longer- term monitor-
ing, establish larger plots and include cost analysis to improve guidance for land 
managers.
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1  |  INTRODUC TION

Threats from invasive and weedy plants are numerous, well docu-
mented and expensive to combat. Such threats include loss of biodi-
versity, altered fire and disturbance regimes, and modified nutrient 
cycling and soil properties (Vilà et al., 2011; Weidlich et al., 2020). 
For example, Bromus tectorum (cheatgrass) is a notorious invasive 
non- native annual grass that has transformed roughly 20% of sage-
brush steppe ecosystems in the western USA (Rowe et al., 2009), 
sometimes to an irreversible degree with establishments of near 
monocultures. Human influences trigger grassland invasions through 
direct human- led introduction of the non- native species themselves, 
as well as anthropogenic activity that alters soil nutrient dynamics 
and increases susceptibility to invasion. In particular, nitrogen (N) 
deposition from atmospheric pollution, invasive N2- fixing woody 
species, and historic fertilizer use and agricultural runoff increase 
plant- available soil N, transforming traditionally lower nutrient en-
vironments to higher nutrient environments (Nsikani et al., 2018; 
Perry et al., 2010). Because plants native to arid and semiarid re-
gions have adapted to low nutrient conditions, this shift from low 
to high nutrient conditions increases vulnerability to invasion (Davis 
et al., 2000). Elevated soil N promotes invasion by fast- growing non- 
native grasses and forbs (often annuals), which outcompete slow- 
growing native plants (often perennials) for resources including 
water, light and space (James et al., 2011). Subsequently, restoration 
and management that lowers soil N will increase the competitive-
ness of native plants and decrease invasion by fast- growing, weedy 
species (Vasquez et al., 2008).

Carbon (C) addition is one management strategy proposed to im-
mobilize soil N and reduce fast- growing, invasive non- native weeds. 
Adding labile C to the soil, usually in the form of sucrose, sawdust, 
woodchips or mulch, spurs a rush of microbial activity. When sup-
plied with sufficient C, heterotrophic soil microbes outcompete 
even fast- growing plants for N, subsequently lowering soil N levels 
(Perry et al., 2010). Other common methods of soil N reduction to 
control non- native weedy species include burning, which can also 
reduce non- native seedbank and above- ground biomass (Haubensak 
et al., 2004; Prober et al., 2005); topsoil removal, also called scalp-
ing (Smith et al., 2021); and biomass removal in the form of grazing 
(Badgery et al., 2008; Doll et al., 2011) or mowing (Morris & Gibson- 
Roy, 2018; Sandel et al., 2011; Smith et al., 2021). While these strat-
egies can be used in combination for better results, some may not 
be feasible on a large management scale. Certain areas may not be 
predisposed for prescribed burning, and/or prohibit grazing. Carbon 
addition is notably labour- intensive (Perry et al., 2010), especially if 
multiple applications are necessary; however, C addition lacks the 
controversies commonly associated with herbicides (Alpert, 2010), 
and costs can be reduced when there is a nearby inexpensive source 

of C, such as woodchips or mulch from an undesirable woody spe-
cies that has been removed and chipped (Holmes, 2008), or even 
pulverized paper waste (Busby et al., 2019).

Indeed, optimizing C rate, type and number of applications is 
crucial to determining the management feasibility of C addition. 
However, experimental results have varied. The most successful 
studies decreased non- native weeds while increasing native plants 
(Belnap & Sharpe, 1995; Blumenthal et al., 2003), but other studies 
decreased non- native weeds without an increase of native plants 
(Alpert & Maron, 2000; Mazzola et al., 2008), or saw no effect on 
non- native weeds at all (Corbin & D'Antonio, 2004; Huddleston & 
Young, 2005). Studies have also reported a reduction in both native 
and non- native plants, thus cancelling out the positive outcomes of 
C addition (Averett et al., 2004; Reever Morghan & Seastedt, 1999). 
To our knowledge, a statistically robust quantitative review analys-
ing the effects of C addition on non- native weed abundance does 
not yet exist. Perry et al. (2010) conducted a narrative review on 
the promise of immobilizing soil N to reduce invasive plant species, 
which included the management strategy of C addition. Similarly, 
Nsikani et al. (2018) reviewed restoration methods to address the 
soil legacy effects of invasive N2- fixing woody species, which also 
included C addition. Alpert (2010) compared 55 studies that utilized 
C addition to reduce non- native plants, but the review did not use 
meta- analytic methods. Finally, although James et al. (2011) con-
ducted a meta- analysis that quantified the impacts of soil N man-
agement on competition between non- native annual and native 
perennial plants, the majority of the studies analysed elevated soil N 
via fertilizer, and very few analysed reduced soil N with C addition.

Here, we present a systematic review and meta- analysis ex-
amining the use of C addition as a soil amendment to reduce the 
abundance of fast- growing, non- native weeds and increase the 
abundance of native plants in grasslands. We include a systematic 
review to determine the array of study conditions already tested, 
with the goal of understanding the current gaps in experimental de-
sign to offer suggestions for future studies. The meta- analysis aims 
to (i) quantify the overall efficacy of C addition and its short-  and 
long- term effects; (ii) determine the most responsive plant life- 
forms; (iii) compare types of C and (iv) optimize C application rates 
and frequencies. To explore the possible explanations for variation 
in the results, we analysed the following explanatory variables: plant 
life- form by annual/perennial and grass/forb/shrub, C type, C rate, 
study duration, number of months applying C, region, plot size and 
simultaneous seeding of native species.

We expected non- native weed abundance to decrease overall, 
but with a greater effect on annual grasses and forbs, which are pre-
sumably fast- growing plants that quickly consume available soil N, 
and therefore would be impacted most by its absence. Conversely, 
we expected native plant abundance, especially that of perennials, 

K E Y W O R D S
carbon addition, grassland restoration, invasive plants, meta- analysis, nitrogen immobilization, 
soil amendment, weed control
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to increase with the return to a lower nutrient environment in which 
they are more competitive. We anticipated that applying sawdust 
and woodchips would have a longer- lasting effect than sucrose, 
which is far more labile; in theory, more recalcitrant substrates 
release C slower, thus creating less favourable conditions for non- 
native weeds over a longer period of time. Lastly, we expected that 
increasing C rates and multiple applications would also produce 
more enduring and drastic results by immobilizing greater amounts 
of soil N.

2  |  MATERIAL S AND METHODS

2.1  |  Literature search

We searched Scopus, Google Scholar and Google using combina-
tions of the following terms: (i) “nitrogen manipulation”, “soil carbon 
addition”, “sucrose addition”, “sawdust addition”, “mulch addition”, 
“woodchip addition”, “straw addition”, “resource availability”; and (ii) 
“grassland restoration”, “grassland invasi*”, “grassland non- native”, 
“restoration invasi*”, “restoration non- native” (see Appendix 1 for 
full list of search strings). Searches were conducted January to April 
2021, and included peer- reviewed articles, graduate theses, govern-
ment documents and technical reports. References from gathered 
papers were also used to procure additional studies. We evaluated 
titles, abstracts and methods to initially identify papers that (i) tested 
a C addition treatment intended to immobilize soil N; (ii) measured 
the response of a fast- growing, non- native, invasive, weedy plant 
(hereafter called “non- native weed”); and (iii) were located in grass-
lands. This yielded 136 papers, of which we evaluated the full text.

Limiting a search to English- only papers biases ecological meta- 
analyses, particularly because studies conducted in non- English- 
speaking regions that demonstrate larger effects with smaller 
p- values are more likely to be published in English than those with 
smaller effects and larger p- values (Konno et al., 2020). Furthermore, 
the inclusion of English- only studies reinforces barriers to entry of 
scientific inquiry and research, excluding valuable and diverse per-
spectives currently missed (Trisos et al., 2021). To overcome this 
issue, literature reviews should be conducted in multiple languages 
(Nuñez & Amano, 2021). Therefore, we conducted a parallel search 
in Spanish (see Appendix 2), but found no papers that fit the above 
criteria. Due to limited resources, we were only able to conduct the 
search in English and Spanish.

2.2  |  Systematic review

For the systematic review, we only included papers that further (i) 
conducted field studies; (ii) measured mature plants and (iii) exam-
ined the response from non- native weeds that specifically fit the 
proposed mechanism (were fast- growing). To avoid duplicates, when 
multiple papers reported on the exact same experimental plots, we 
extracted data from the paper that presented more information, and 

used peer- reviewed published papers over graduate theses when 
applicable. In all, 83 papers fit these criteria and were included in 
the systematic review (Appendix 3, Table S1). From these 83 papers, 
we determined their study region; study duration; C type(s) tested; 
C application rate; plot size; additional treatments used in conjunc-
tion with C addition; inclusion of cost analysis and publication type. 
We developed region categories based on the geographical distribu-
tion of experiment locations such that areas with more comparisons 
were defined in higher resolution, to create more balanced catego-
ries for statistical analysis. For the systematic review, we defined 
study duration as months since the first C application to when the 
last plant measurements were taken. Because duration of restora-
tion and invasive plant management studies have been criticized for 
being too short (Kettenring & Adams, 2011), we wanted to capture 
the maximum time interval. We considered an additional treatment 
to be a treatment that tested C addition with another management 
strategy (burning, grazing, etc.) and had a comparable control, so in-
teraction effects could hypothetically be analysed.

2.3  |  Meta- analysis

For the meta- analysis, we included papers that (i) conducted field 
studies; (ii) measured C additional alone (not with burning, grazing or 
topsoil removal); (iii) measured plot biomass, density or cover of ma-
ture plants; (v) separated non- native and native plant responses; (vi) 
had at least three true replicates at the same sampling location; and 
(vii) did not average data over multiple sampling timepoints, which 
violates independence (Hedges, 2019). We extracted biomass, den-
sity and cover since these were the most commonly reported met-
rics, and frequently analysed together because they are correlated 
(Gornish et al., 2018; Jauni et al., 2015; Vilà et al., 2011). These re-
strictions retained 82 papers.

To summarize a treatment effect across multiple comparisons 
using the standardized mean difference (SMD), meta- analysis 
requires sample size, mean and standard deviation (SD) or stan-
dard error (SE) of the control and treatment groups. We catego-
rized the treatment group as plots with added C, and the control 
group as plots without added C but otherwise identical conditions 
and preparation. Where available, we extracted plot biomass 
(g m−2), density (individuals m−2) and cover (%) data of native and 
non- native plants from text and tables, and from figures using 
WebPlotDigitizer v4.4 (Rohatgi, 2020). When multiple response 
variables were provided, we extracted the variable yielding more 
data (comparisons), and otherwise employed the preference of 
biomass > cover > density. We contacted authors if relevant data 
were measured but not presented to request the missing values 
(often SD or SE) or raw data. We avoided study duplicates using 
the same criteria as the systematic review (see above). We used 
the most recent measurements when papers presented data from 
the same plots over multiple timepoints. To prevent exclusion of 
data, we extracted multiple measurements from the same paper 
and considered them to be separate comparisons/studies, but 
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accounted for the non- independence in our statistical model (see 
below). Because some papers conducted multiple experiments in 
notably different locations, we controlled for non- independence 
between comparisons from the same paper and location, rather 
than paper alone (i.e. data from the same paper but different lo-
cations were considered separate experiments). This allowed us 
to include the distinct responses of each plant species or group 
measured separately within a given paper, thus retaining speci-
ficity that would have been obscured by averaging or combining 
those values. Ultimately, 48 papers were used for analysis, which 
contained a total of 62 experiments (Appendix 4, Table S2).

We created separate datasets for non- native weeds and native 
plants, and analysed the two datasets independently because we 
expected non- native weeds to respond opposite to native plants. 
In doing so, we are unable to discern overall net effects, but ana-
lysing the individual differences between natives and non- natives 
in each study would bias outcomes towards the plant species se-
lected in the study, and thus minimize the generalized utility of our 
findings. Preliminary analysis revealed that non- native weed den-
sity responded differently than biomass and cover, so we removed 
these comparisons from the dataset (k = 34), using biomass or 
cover instead if provided. Native plant density did not respond dif-
ferently, so all three response variables were used. After screen-
ing and data procurement, our non- native weed meta- analysis 
included 487 comparisons from 40 papers (50 experiments), and 
our native plant meta- analysis included 655 comparisons from 38 
papers (53 experiments).

We extracted multiple experimental conditions as explanatory 
variables: region, plot size, study duration, C type, C rate, number 
of C applications, number of months applying C, and plant life- 
form by annual/perennial and grass/forb/shrub. Region catego-
ries were defined like in the systematic review (see above). Study 
duration (months between first or last C application and plant 
measurements), number of C applications, and months applying 
C were determined from the sampling dates and details provided 
in papers. Because of the wide range and uneven distribution for 
these three variables and C rate, we grouped them into categori-
cal variables appropriate for the frequency and resolution of the 
available study conditions. When necessary, C rate was converted 
to g C m−2 year−1 using a 42.11% mass fraction for sucrose (de-
rived from the molecular weight of sucrose, C12H22O11), and a 
45.99% mass fraction for sawdust, unless a specific mass fraction 
was provided. This mass fraction (45.99%) is an average of four 
mass fractions provided by papers included in the meta- analysis 
(Averett et al., 2004; Blumenthal et al., 2003; Burke et al., 2013; 
Iannone et al., 2008). Papers that did not provide the C rate in a 
convertible format and/or used a different C type were not used 
in C rate moderator analysis, since the rate could not be normal-
ized. Plant life- form was derived from papers, and, when species 
names provided, as defined by the USDA Plants Database (USDA 
NRCS, 2021).

All statistical analyses were conducted using R v4.1 (R Core 
Team, 2021). Data provided in Tables S1 and S2 and annotated 

R code are available from Zenodo (https://doi.org/10.5281/ze-
nodo.6800070). We first calculated the SMD using Hedges' g effect 
size (Hedges, 1981) for each comparison with the escalc() function of 
the metafor v3.0– 2 package (Viechtbauer, 2010). SMD is commonly 
used in plant ecology meta- analyses (Koricheva & Gurevitch, 2014), 
and Hedges' g corrects for small sample sizes (common in our data). 
We then constructed hierarchical models using restricted maxi-
mum likelihood estimations with the metafor rma.mv() function. 
As previously noted, multiple comparisons from the same paper 
are not independent and therefore violate the assumptions of a 
single- level model (Nakagawa & Santos, 2012). To resolve this non- 
independence, we nested comparisons within experiments (plots 
from the same paper and location). This accounts for the variance 
within each comparison (sampling variance of the original study), 
variance between comparisons within the same experiment, and 
variance between experiments.

To determine the possible explanations for the differences in ef-
fect sizes, we included moderators (explanatory variables) as fixed 
effects in our hierarchical models. For both the non- native and na-
tive plant datasets, we ran individual models excluding all moder-
ators to determine the overall summary effect, and models using 
only a single moderator to evaluate trends separately. We calculated 
summary effect sizes (g), their 95% confidence interval (CI), hetero-
geneity (variance in true effects) explained by the model (QM) and 
unexplained heterogeneity (QE). In addition, for the overall summary 
models, we calculated the I2 statistic (proportion of observed vari-
ance due to true effects, which can therefore be explained by mod-
erators), and 95% prediction interval (PI; range of predicted effects 
for a new study, or randomly selected plant species). We considered 
CIs and PIs that did not overlap with zero to show significant effects. 
We used the rma.glmulti() function from the metafor package and 
glmulti v1.0.8 package (Calcagno & de Mazancourt, 2010) for model 
selection based on Akaike's information criterion for small sample 
sizes (AICc), with code adapted from Yan et al. (2018) and Kinlock 
et al. (2018). Our candidate model was composed of the following 
moderators: region, duration since last C application, plot size, C 
type, C rate, number of months applying C and plant life- form. We 
considered only the top model if its AICc weight was >0.9 to de-
termine model estimates and 95% CIs (Grueber et al., 2011). AICc 
weight can be interpreted as the likelihood a given model is the best 
model of the set. If the top model's AICc weight was <0.9, we calcu-
lated model- averaged coefficients and 95% CIs using the top 100 
models involved in model selection, weighting model contribution 
by AICc weight. A moderator's importance value is the sum of the 
AICc weight of each model containing that particular moderator; 
moderators with an importance value ≥0.8 were deemed significant.

We analysed the sensitivity of our results by removing influen-
tial outliers. While there is no accepted standard procedure yet to 
determine outliers in meta- analysis, we developed criteria based on 
guidelines provided in Habeck and Schultz (2015) and Viechtbauer 
and Cheung (2010); see Appendix 5. All results presented reflect this 
exclusion of influential outliers. This study did not require ethical 
approval.
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3  |  RESULTS

3.1  |  Systematic review

Our systematic review included 83 papers published between 1992 
and 2021 (Appendix 3, Table S1). The majority (75%) were peer- 
reviewed articles, with 17% graduate theses (Table S3). Studies 
were mainly conducted in the United States (73%) and southeast 
Australia (12%; Table S4). The median study duration was 20 months 
(Figure S1). The median plot size was 4 m2, and the most common 
plot size was 1 m2 (Figure S2). Sucrose was the most common source 
for C application (51%), followed by sawdust (23%; Table S5). C ap-
plication rate ranged from 21– 4192 g C m−2 year−1, with a median of 
420 g C m−2 year−1 (Figure S3). The majority of papers tested only one 
C application rate (83%), and applied C multiple times (70%). Most 
studies tested C addition in conjunction with another management 
strategy (40%; Table S6). Of these papers, 29% tested C addition 
combined with seeding native species; 24%, with burning; and 11%, 
with tilling (Table S7). Papers lacked robust cost analysis: 61% did 
not mention cost at all; 22% mentioned cost in a single sentence; 
11% discussed cost in the context of their study results; and only 6% 
provided quantitative cost estimates (Table S8).

3.2  |  Meta- analysis

Overall, carbon addition significantly decreased non- native weed 
abundance, but did not significantly increase native plant abun-
dance (Figure 1). Non- native weeds responded to C addition quickly: 
abundance significantly decreased in as little as 3 months, as dem-
onstrated by duration from the first C application to time of data 
collection (Figure S4a). Lasting treatment effects weakened over 
time: approximately 1 year after the final C application, non- native 
weed abundance was not significantly lower when compared to the 
control (Figure 2 and Figure S5a). In the short term, C addition also 
significantly decreased native plant abundance, but these effects di-
minished after 2 months (Figure S5b).

Carbon addition was most effective in reducing non- native an-
nual forbs and grasses (Figure 3 and Figure S6a). Annual non- native 
weeds, regardless of life- form, were more responsive than perennial 
non- native weeds (Figure S7a), while grasses, regardless of lifecycle 
duration, were more responsive than forbs (Figure S8a).

No C type included in our meta- analysis produced the most de-
sirable outcome, which is a decrease in non- native weed abundance 
and increase in native plant abundance. Sucrose and sawdust, the 
most commonly used C sources, showed mixed results: sawdust 
alone significantly decreased non- natives, with no effect on natives; 
sucrose alone significantly decreased both non- natives and natives; 
and sucrose and sawdust applied together significantly increased na-
tives, but had no effect on non- natives (Figure S9).

Non- native weed abundance decreased when C application 
rate was >210 g C m−2 year−1 (Figure 4 and Figure S10a), but na-
tive plant abundance increased significantly only for the range of 

2110– 3000 g C m−2 year−1 (Figure 5 and Figure S10b). Furthermore, 
a single application produced a significant decrease in non- natives 
with no effect on natives (Figure S11), while multiple applications 
elicited an increasingly stronger response from non- natives up to 
10 applications (Figure S11a) or 3 years of applying C (Figure 12a). 
Natives had no discernible trend in response to treatment frequency 
(Figures S11b and S12b).

Carbon addition treatments successfully decreased non- native 
weed abundance in the Pacific Northwest, USA, southwest USA and 
southeastern Australia (Figure S13a). Studies conducted at a smaller 
scale were also more responsive to C addition treatment: non- 
native weed abundance significantly decreased in plots 1– 3.75 m2 
(Figure S14a). Non- natives decreased regardless of simultaneous 
seeding of native plants with C addition (Figure S15a). However, na-
tive seeding prevented a significant decrease in native plant abun-
dance, but did not cause a significant increase (Figure S15b).

Using a candidate model that included the seven moderators of 
region, duration since last C application, plot size, C type, C rate, 
number of months applying C, and plant life- form, model selection 
revealed that four moderators were important predictors of non- 
native weed abundance (significance ≥0.8): region, study duration, 
plot size and plant life- form (Table 1). Similarly, important predictors 
of native plant abundance were region, study duration, plant life- 
form, C type and C rate (Table 1). Because the top model for both the 
non- native and native datasets had an AICc weight > 0.9, and there 
were no other models within two AICc units of the top model, we 
did not use multimodel inference to find model- weighted averages.

4  |  DISCUSSION

Adding labile carbon in the form of sucrose or sawdust has been pro-
posed as a method of managing fast- growing, invasive non- native 
plants in grasslands, but experiments have reported mixed results. 
Here, we synthesize published studies to determine the effective-
ness of C addition treatment under various conditions, and highlight 
areas where future research is needed. Overall, our meta- analysis 
supports the use of C addition to immobilize soil N and reduce the 
abundance of fast- growing, non- native weeds in select regions, but 
note that this reduction does not necessarily translate into an in-
crease in native plant abundance.

Region, plant life- form, plot size and study duration were import-
ant predictors of non- native weed response to C addition treatment, 
while C type, C rate and number of months applying C were not im-
portant predictors (Table 1). This suggests that external and situa-
tional factors are more influential than specific manager decisions. 
Carbon addition treatments proved most effective in southeast 
Australia, the Pacific Northwest USA and southwest USA, and when 
non- native grasses rather than forbs were targeted (Figures S8a 
and S13). The success of C addition in these more arid regions could 
be because an identical increase in plant abundance will register 
as a larger response in a depauperate area than in a densely veg-
etated area. Similarly, these drier regions have fewer soil nutrients 
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than a wetter region like the northeast USA (Delgado- Baquerizo 
et al., 2013), so any decrease in soil N caused by C addition will also 
have a larger effect. However, it is important to note that this is not 
a global study, and results can only be interpreted in the context of 
North America and Australia. Further understanding of how region 
impacts the success of C addition will require analysis with higher 

representation of Asia and Africa, and lower representation of North 
America and Europe, as is true of most studies in invasion biology 
(Pyšek et al., 2008). For example, future reviews should include 
searches in Chinese, as well.

Our expectation that non- native annuals would be affected 
more than perennials by C addition was supported, but our results 

F I G U R E  1  Overall summary effect 
size ± 95% prediction interval (predicted 
effect if another study were added) for 
(a) non- native weed abundance and (b) 
native plant abundance as a response to 
C addition, with number of comparisons 
k. Intervals that do not overlap zero are 
considered significant, as indicated by 
asterisks.

k = 486

Confidence interval: −0.775, −0.379***
Prediction interval: −1.978, 0.825

In
trc

pt

−10 −5 0 5
Effect size (Hedges' g)

Precision (1/SE) 0.5 1.0 1.5 2.0 2.5

Non−native weed summary response(a)

k = 655

Confidence interval: −0.19, 0.042
Prediction interval: −0.75, 0.602

In
trc

pt

−10 −5 0 5
Effect size (Hedges' g)

Precision (1/SE) 1 2

Native plant summary response(b)

F I G U R E  2  Effect size ± 95% 
confidence interval (CI) for non- native 
weed abundance in response to C 
addition, categorized by study duration 
(months since last C application), with 
number of comparisons k. CIs that do not 
overlap zero are considered significant.
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did not support the expectation that abundance of native peren-
nials would increase (Figure S7). Carbon addition reduced abun-
dance of native annuals, possibly because their faster lifecycle 
requires more nutrients, and the C addition immobilized too much 
soil N. Our findings regarding grass versus forb susceptibility to C 
addition support that of Eschen et al. (2006), who directly tested 

how plant life- form and nitrophilic status affected response to 
C addition. Although plants with higher N requirements are ex-
pected be more susceptible to N reduction by C addition, Eschen 
et al. (2006) found that plant life- form was a more important 
factor. This could be due to forbs' ability to better allocate their 
root surface area to high- nutrient (e.g. shallow) areas than grasses 

F I G U R E  3  Effect size ± 95% 
confidence interval (CI) for non- native 
weed abundance in response to C 
addition, categorized by plant life- form 
and duration, with number of comparisons 
k. CIs that do not overlap zero are 
considered significant.
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F I G U R E  4  Effect size ± 95% 
confidence interval (CI) for non- native 
weed abundance, categorized by C 
application rate, in g C m−2 year−1, with 
number of comparisons k. CIs that do not 
overlap zero are considered significant.
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F I G U R E  5  Effect size ± 95% 
confidence interval (CI) for native plant 
abundance, categorized by C application 
rate, in g C m−2 year−1, with number of 
comparisons k. CIs that do not overlap 
zero are considered significant.
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(Johnson & Biondini, 2001), and might therefore be able to survive 
nutrient depletions. However, Levang- Brilz and Biondini (2003) 
found no difference between N productivity of grasses and forbs 
in low N conditions, nor a difference in N influx rate of grass or 
forb roots.

While C treatment details were not important predictors of non- 
native weed abundance, C type and rate were important predictors 
of native plant abundance. Notably, a C application rate of 210 g 
C m−2 year−1 (5 Mg sucrose ha−1 year−1 or 4.6 Mg sawdust ha−1 year−1) 
or greater consistently decreased non- native weeds, but a rate of 
2110– 3000 g C m−2 (50– 71 Mg sucrose ha−1 year−1 or 46– 65 Mg saw-
dust ha−1 year−1) was required to significantly increase native plants; 
a rate above 3000 g C m−2 no longer elicited a significant response 
from native plants (Figures 4 and 5). These findings partially support 
Blumenthal et al.'s (2003) assertion that other studies who failed to 
see an increase in native plants might not have applied enough C, 
but there appears to be a threshold after which C addition possibly 
immobilizes so much soil N that it negatively effects even native spe-
cies adapted to low- nutrient conditions. However, this could also be 
the result of physical effects rather than nutrient modifications, as 
large amounts of sawdust and woodchips can limit light and seedling 
growth.

Application of sucrose or sawdust separately resulted in the 
most desirable outcome. When applied alone, both sucrose and saw-
dust significantly reduced non- native weed abundance, but did not 
increase native plant abundance (Figure S9). When applied together, 
there was no significant effect on non- native weeds, and the signif-
icant increase in native plants was proportionally less than the ben-
eficial reduction in non- native weeds when using a single substrate; 
hence, sawdust or sucrose alone is preferable. Adding sucrose and 
sawdust together may lead to differential effects due to increased 
microbial mineralization, which is caused by a “priming effect” (Fang 
et al., 2018). Sawdust is widely regarded as less expensive than su-
crose, especially if sourced for free from a nearby source, such as 
paper waste (Busby et al., 2019) or chipped trees. Our systematic 
review revealed that sucrose was the most commonly used C type 
(51% of papers; Table S5), but we recommend that sawdust be used 
instead in future studies, because its effect on non- native weeds is 
comparable to sucrose, and sawdust treatments are more feasible 
for managers, given cost restraints.

Our meta- analysis results also demonstrate that reapplication of 
C is likely unnecessary and not worth the extra labour and costs, 
because a single application caused a significant reduction in non- 
native weed abundance and no affect to native plants, which was 
the same outcome as multiple C applications (Figures S11 and S12). 

Again, we suggest future studies test a single application, because 
the majority of existing studies (70%) applied C more than once, 
which limits research translation to practice, because managers are 
less likely to apply C multiple times.

A common critique of C addition is that the treatment effects are 
temporary (Perry et al., 2010). We found that the reduction in non- 
native weed abundance did indeed decrease over time, and there 
were no longer significant effects after 1 year (Figure 2). In compari-
son, some grassland studies have found herbicide treatment effects 
can last up to 3– 6 years (Endress et al., 2012; Lesica & Martin, 2003; 
Pakeman et al., 2002). Grazing success, although extremely variable 
and dependent on moisture availability (Gornish & Ambrozio, 2016), 
was found to last up to 6 years as well (Pywell et al., 2010). One way 
to improve success is by seeding native species; ideally, new native 
plants will grow and occupy the space made available following inva-
sive species removal, thus resisting secondary invasion or reinvasion 
(Kettenring & Adams, 2011; Nsikani et al., 2018; Pearson et al., 2016; 
Perry et al., 2010). A combination of weed management techniques 
has been often shown to increase success (Farrell & Gornish, 2019), 
in addition to achieving multiple management goals, such as increase 
in forage or improved water quality (Eastburn et al., 2018). Indeed, 
our meta- analysis showed that simultaneous seeding of native 
plants prevented a reduction in native plant abundance as measured 
by biomass, density or cover (Figure S15b); seeding perhaps atoned 
for reductions in native plant abundance caused by C addition. It 
is also possible that seeding increased native species richness and 
diversity, which can also reduce susceptibility to invasion, although 
we did not measure these metrics in our study.

Similarly, it is difficult to discern and compare the long- term 
effects of weed control techniques including C addition because 
study monitoring is often shorter than 2 years. A robust systematic 
review by Kettenring and Adams (2011) found that 52% of invasive 
plant management studies monitored for less than 1 year, while a 
review of Pennisetum ciliare control by Farrell and Gornish (2019) 
found the average study duration to be 6 months. Our systematic 
review revealed that the median study duration for C addition stud-
ies was 20 months, which falls short of a 4- year recommendation 
from Wilson et al. (2004). Because research funding does not often 
permit monitoring beyond 2 years, one way to capture long- term 
effects is by revisiting sites and conducting follow- up studies (e.g. 
Hoelzle, 2010). Furthermore, because plot size was found to be an 
important predictor of non- native weed abundance and because 
smaller plots saw a significant non- native reduction while larger 
plots did not, it is important to conduct large- scale studies to in-
crease the accuracy of predictions for managers.

Model AICc Weights

Non- native g ~ 1 + dlc + plotc + region + plant_apgfs 1286.618 0.9369876

Native g ~ 1 + dlc + cratc + region + C_type + plant_apgfs 1503.092 0.9702438

Note: dlc, duration from first C application to last plant measurements, in months; plotc, plot size 
(m2); cratc, C rate (g C m−2 year−1); plant_apgfs, plant life- form by duration (annual/perennial) and 
grass/forb/shrub.

TA B L E  1  Top models of important 
predictors for non- native and native plant 
abundance. Model averaging not needed 
because the top model weights are >0.9
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In addition to the need for long- term and large- scale monitoring, 
there is also a critical knowledge gap of cost and feasibility com-
monly associated with management- related publications (Robbins 
& Daniels, 2012). Sixty- one percent of papers in our review made 
no mention of cost, and an additional 22% only mentioned cost 
briefly, in no more than a couple sentences. Eleven percent of pa-
pers discussed cost at greater length and in the context of their 
study results, and only 6% of papers attempted quantitative es-
timates. A survey of California natural resource managers found 
that the most influential sources of information came from their 
own observations and experience of colleagues, with little engage-
ment with peer- reviewed literature (Matzek et al., 2014). One way 
to close this “knowledge- doing gap” is to include cost estimates to 
demonstrate the feasibility of treatments tested, as well as sharing 
research findings through different methods that are more acces-
sible to managers, such as fact sheets, webinars and field tours.

We recommend C addition with simultaneous seeding of native 
species be used for controlling invasive non- native grasses (annual 
or perennial) and annual forbs in semi- arid and arid regions of North 
America and Australia, when there is a nearby and inexpensive 
source of C available. Like many restoration efforts, success of C ad-
dition varies widely and outcomes can be unpredictable. To improve 
our understanding of C addition treatment effects, we recommend 
that future studies continue test C addition in combination with 
other management strategies, implement longer- term monitoring 
(>20 months, the current median study duration), establish larger 
plots (>1 m2, currently the most common plot size) and prioritize at-
tempts at quantitative estimates of treatment costs, which will max-
imize usefulness of guidance for land managers.
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