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Abstract

The Llanos region of Colombia represents ondeflast large agricultural frontiers and
is undergoing a rapid conversion from naturalizeehsna to intensive agriculture with high
agrochemical inputs and tillage. This massive lase-conversion has considerable impact on
ecosystem services and biodiversity, particulaoiyyrmacrofauna, yet the full implications of this
land-use shift for long-term agroecosystem proditgtare poorly understood. To better
elucidate potential land-use change impacts orcaltuwral production we used experimental
microcosms in the greenhouse to evaluate how thermm earthwormiPontoscol ex
corethrurus, influences plant growth, nutrient uptake, and &eW properties relative to the
application of lime and P fertilizer, both commanl $ertility amendments in the region.
Additionally, we aimed to explore the potential fioteractions between earthworms and these
amendments across distinct plant types, the dasshiaria decumbens and the legume
Phaseolus vulgaris, which display different rooting patterns and rertt acquisition strategies.
Earthworms increased the biomass productidd. oecumbens by 180% and N uptake by more
than 240%, while P fertilizers and lime additionsreased total biomass by less than 30% each
for B. decumbens. Effects onP. wulgaris were similar, but less pronounced with earthworms
increasing total biomass production by 35% and foémnt N content by 70%, while neither lime
nor P alone significantly influenced total biomasdN uptake. However, a significant interaction
between earthworms and lime enhanced total bioasstent ofP. vulgaris by more than
150% relative to microcosms withdRt corethrurus, suggesting that earthworms can greatly
enhance the efficacy of lime in soils. Additionalye found that earthworms greatly improved
soil aggregation, but only in the presence of gaand that this effect was most prominent in

microcosms withP. vulgaris. When testing treatment effects on soil P avditgbonly fertilizer
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P additions significantly influenced resin P, bat microbial biomass P. Our findings suggests
the importance of developing management stratelyggpromote the activity and diversity of
earthworms and other soil biota as a means to eeh@op productivity, resource use efficiency

and a range of soil-based ecosystem services id&hes region and beyond.

Key words: Brachiaria decumbens; lime; Phaseolus vulgaris; phosphorusPontoscolex

corethrurus; soil aggregation
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Introduction

Agriculture faces numerous challenges in the cgrdiecades, as increasing demands on
food production are often at odds with a need duce degradative effects of farming
management practices on the environment. To adthississue, farming strategies that use
resources more effectively, while minimizing deteias impacts on biodiversity and the
provision of ecosystem services within agricultdaalds need to be developed (Foley et al.
2011). The Llanos region of eastern Colombia exédiaplthis challenge. As one of the last
remaining large agricultural frontiers, this regierbeing rapidly converted from extensive
grazing in semi-natural savanna to intensive, kmgme agriculture (Romero-Ruiz et al. 2012).
Due to the low pH and high susceptibility to contpac of the soils in the region, this
conversion often relies upon frequent tillage opens and large inputs of fertilizers and lime to
develop an arable soil layer (Amezquita et al. 20While such interventions are often
profitable in the short-term, intensive agricultumed annual cropping systems in particular (of
rice, maize and soy), have been shown to greataainsoil biological activity and the provision
of soil-based ecosystem services in the regiors, thieatening the long-term sustainability of
these agroecosystems (Decaéns et al. 1994, Latelle2014).

A number of studies have focused on the role bisalogical activity and diversity in
supporting crop growth and ecosystem services w@age of mechanisms (Barrios 2007). Soil
macrofauna, in particular, are known to be impdrtagulators of multiple soil processes and
provide sensitive indicators of management impawteverall soil function (Lavelle et al. 2006,
Rousseau et al. 2013). Earthworms are widely raégzedrio be the most important
macrointervebrates in many agricultural soils aadehbeen shown to enhance crop growth in a

wide array of farming systems via a variety of natgbms (Brown et al. 2004, van Groenigen et



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

al. 2014). These mechanisms include increasedentivailability (especially N and P),
enhanced soil aggregation and water availabilgyyell as improved stress tolerance and pest
regulation (Blouin et al. 2005, Lubbers et al. 20Addriuzzi et al. 2015). Despite the multiple
benefits of earthworms, and whole soil macrofawraraunities, to agricultural production, their
contributions are often overlooked, with managenpeattices instead focusing on the
substitution of key soil biological functions wittputs such as fertilizers and pesticides and
management practices like tillage. While studiegeldocumented the beneficial impacts of
earthworms and other soil biota on plant growtm(@oenigen et al. 2014), relatively little is
known about how earthworms interact with agricudtumputs to support production and the
provision of key ecosystem services. For examptguéra et al. (2010) examined the impacts
of earthworms and biochar amendments in two Colamboils and found there to be a
significant positive interaction between thesedexfor rice production in a relatively poor sail,
but not in a more fertile soil. Earthworms haveoddeen shown to facilitate the uptake of
fertilizer N and to improve the efficacy of mycoizél inoculation in maize-based systems
(Fonte and Six 2010, Li et al. 2013). Others hawggssted that liming and earthworms are
likely to display important interactions with imgditions for soil aggregation and macroporosity
(Haynes and Naidu 1998). While these findings aoengsing and suggest that earthworms can
enhance the efficacy of some soil amendments Igtlnderstood about the relative impacts of
earthworms vs. common soil amendments on plantthrawd under what conditions synergies
are likely to occur.

In order to better understand the potential cbation of earthworms, a prominent driver
of soil biological function in soils of the Llanesd globally, we examined their impact on plant

growth and nutrient dynamics in a greenhouse sgttilong with key soil fertility amendments
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(lime and P fertilizer) at standard applicatioregtThese effects were tested individually and in
all possible combinations across distinct planes/fgrass vs. legume vs. grass-legume mixture)
to understand how plants with different nutrieng@sition and rooting strategies may determine
the relative effectiveness of earthworms vs. sokadments to enhance crop growth, nutrient
uptake and key soil properties. We hypothesizetittiarelative effect of earthworms on plant
growth and nutrient uptake would exceed that oéland P fertilizer. Additionally, we

anticipated positive interactions between earthvgoand the soil fertility amendments, such that

earthworms enhance the efficacy of these commautsnp

2. Materialsand Methods
2.1 Experimental Design

This research was conducted at the Internationate€éor Tropical Agriculture (CIAT)
near Cali, Colombia. Earthworms, soil fertility uig, and plant species were manipulated within
microcosms (plastic containers, 17.5 cm dia. xritall and fitted 1 mm nylon mesh at the base
and on the sides) in a greenhouse. Soil usedsrekperiment was collected from the 0-20 cm
depth in a semi-natural savanna at the Taluma Hrpatal Station, near Puerto Gaitan, in the
Meta Department of Colombia (4° 22' N, 72°13' Wassified broadly as an Oxisol, and more
specifically Typic Hapludox (Camacho-Tamayo e48l08), the soil had a pH of 5.15, a C
content of 13.5 g C Kysoil, available P (Bray Il) of 2.43 mg kgand a clay-loam texture with
25% sand, 42 % silt and 33% clay. Soil was colikatesarly 2013 during the dry season and
immediately air-dried upon arrival at CIAT. Thelseas processed with an industrial mill to
pass through a 2 mm sieve, so as to break apdatgdl macroaggregates. The few stones

encountered were removed prior to milling. Soil wased with sand at a 3 to 1 ratio (soil to
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sand ratio) to ensure adequate drainage and aeratid 2 kg of this mixture was added to each
microcosm, where it was gently packed down by haheé. microcosms were watered from
below (via capillary action) with deionized watéiostly before planting to ensure even wetting
of the soils within each microcosm.

Within the microcosms a suite of soil fertilititments was established, involving the
addition or absence P fertilizer, lime, and eartmsin all possible combinations. Additionally,
microcosms were planted with one of four planttiresnts: 1)Brachiaria decumbens alone (a
common grass pasture species in the Llanos), contram Phaseolus vulgaris) alone, a
mixture ofB. decumbens andP. vulgaris, and a control that was maintained plant free. The
experiment was set up as a full factorial, compyatendomized design with 32 treatments and
three replicates of each treatment. Seed® décumbens were pre-germinated in sand for two
weeks prior to transplanting into the microcosmswlgaris was seeded directly in the
microcosms at the time of the first watering. Basadlifferences in size and growth rate and to
standardize the total bioma&s,decumbenswas added at a density of four seedlings per
microcosm, whiléP. vulgariswas seeded at a rate of two seeds per microcosmeatments
with a combination of the two plants, two grassiéegs were planted on one side of the
microcosm and one bean seeded on the other sidepRtrus was added to half of the
microcosms as super triple phosphate at a raté@hig per microcosm (equivalent to ~50 kg
P,Os ha', or 22 kg P hd) while dolomitic lime was added at a rate of 2 {feg microcosm
(equivalent to 5 Mg HY. Both amendments were added prior to the inititering and
thoroughly mixed with the soil to simulate tillagad maximize contact of amendments with soll
particles. We note that lime and P are commonlyiegin these soils to address issues

associated with low-pH, including P deficiency, dhd amounts considered here are both within



144  the range of common application rates for intenpagture and/or cropping systems in the

145  region. Earthworms, of the speckantoscol ex corethrurus, were collected from a farm near

146  CIAT, in Palmira, Colombia. Upon collection earthnwis were first placed in a petri dish with a
147  moist towel for 48 h to void their guts and ensiine vigor of the individuals used in the

148  experiment. Individuals were rinsed clean, pattgdathd weighed, and then applied to half of
149  the microcosms in groups of three, with each grawgraging 1.28 g £ 0.05 g total fresh weight.
150  Additions ofP. corethrurus took place one week after transplanting of thegsa®dlings, and

151  once the beans were fully emerged. Earthworm deagiquivalent to roughly 195 individuals
152 m™) were based on previously observed values forowgn pasture systems in the Llanos

153  region and elsewhere (Decaéns et al. 1994, LageHeé 2014). Microcosms were weighed

154  weekly to determine water loss, and water was addeteeded to maintain roughly 80% field
155  capacity (determined gravimetrically in a repacketlsand mixture) throughout the

156  experiment. Microcosms were maintained until desive harvest of soil and plant components,
157 55 days after transplanting.

158

159 2.2 Plant Harvest and Analysis

160 At harvest, plants were cut at the base, and thstrsoil was passed through a 10 mm
161  sieve by gently breaking soil clods along natutahps of weakness, and allowed to air-dry prior
162  to subsequent analyses. During this process coaotewere removed and set aside for washing
163  and drying. Aboveground components were separatedeaves oB. decumbens, as well as

164 flowers, pods, leaves, and stem$ofulgaris. Upon washing of the coarse roots, all plant

165 material was oven-dried at 60 °C and weighed. Besmponents were recombined to form three

166  vegetative components for nutrient analysis: 1valgoound biomass @&. decumbens, 2)
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aboveground biomass Bf vulgaris, and 3) roots fronB. decumbens and/orP. vulgaris. These
different plant components were ground and setit@¢dcCIAT analytical laboratory for

determination of total N and P in above and belmugd biomass (Jones et al. 1991).

2.3 Soil Processing and Analysis

Following harvest, soil from each microcosm was-gieved according to methods
adapted from Elliott (1986) to determine treatmergacts on soil aggregation. In brief, 45 g of
air-dried soil was placed on top of a 2 mm sieve submerging the sieve and soil in deionized
water for 5 min for slaking. The sieve was movedma out of the water using an oscillating
motion a total of 50 times over a period of 2 n8nil remaining on the sieve was rinsed into a
pre-weighed aluminum pan, while material passimgugh the sieve was transferred to a 250
pnm sieve and the process repeated. This procedgeavried out once more with a 53 pm sieve
to yield a total of four size fractions. Aluminurmans for each size fraction were dried in the
oven at 60 °C and weighed. The proportion of soéach size fraction was used to determine
mean weight diameter (MWD), a common indicator ggr@gate stability, according to the

following formula:

MWD = ¥* PiS

where $is the average diameter for aggregates inttiettion and Pis the proportion of
whole soil found with this fraction (van Bavel 1950
In order to better understand treatment effect® awvailability and soil dynamics both

resin P and microbial biomass P were evaluatedviatig Kouno et al. (1995). Previous work in



190 the region suggests that microbial biomass P, iitiqodar, is an important indicator of P

191  turnover and availability in highly weathered andd®icient tropical soils (Oberson et al. 2001).
192  Briefly, this method involves the use of anion-exiche resin strips to assess relatively labile P
193  from soil suspensions containing either soil witstiled water (for determination of resin P) or
194  soil with distilled water and CHg[for microbial biomass P) after 16 h of shaking.

195

196 2.4 Satistical Analyses

197 The influence of the different soil amendments plaaht treatments on biomass

198  production and nutrient uptake was analyzed usiN@XA with a full-factorial model

199 considering main effects and all possible intecangtiof the variables lime, P, and earthworms
200 (each with two levels), and plants (with three timgents considered). Due to significant

201 interactions between plant treatment and the @diffesoil addition treatments, analyses were also
202 conducted on each of the three plant treatmenteraegy using a three-way ANOVA and

203 considering all possible interactions. Impacts diwWBland P dynamics were evaluated using a
204  full factorial model as mentioned above, but witpldnt treatments included (due to the

205 inclusion of the control microcosms, without plgntsor all of the above-mentioned analyses,
206  natural log or Box-Cox power transformations wegppleed as needed to meet the assumptions
207  of ANOVA (i.e., homoscedasticity and normality). Ahsignificant interactions were present
208  between the soil treatments, a Tukey multiple campas test was applied to examine all

209  pairwise comparisons between relevant treatmenhsagdl analyses were conducted using
210 JMP Pro 13.0.0 statistical software (SAS_Insti2(é6).

211

212 3. Results
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3.1 Treatment Effectiveness

Overall, microcosms and treatments were effectinedyntained throughout the
experiment, with 100% plant survival for bdhdecumbens andP. vulgaris up until the time of
harvest. Earthworm survival was lower, with only?&0f the added individuals being recovered
at the end of the experiment; however, no significhfference in earthworm survival was found
between treatments. Additionally, evidence of eaoitm activity (e.g., earthworm casts, tunnels,
cocoons) was noted at the time of harvest for alfecosms where earthworms were added and

in none of the zero earthworm treatments.

3.2 Biomass Production and Nutrient Uptake

When considering microcosms with plants, all s@atments yielded significant positive
impacts on plant growth, with earthworms increasibhgveground and total (root + shoot)
biomass by 99% and 91%, respectively, on averagssall plant treatments (p < 0.001, Table
S1). Lime and P fertilizer additions yielded retaty smaller effects, increasing total biomass
production by an average of 17% and 13%, respdgtigeross all treatments (p < 0.005). Shoot
to root ratio was also influenced by the plant §/pensidered, earthworms and lime, but not by
P additions (Table S1). Overall, effects on N cohie the plant biomass were similar to those
for total biomass, with earthworms increasing agernalant N content by 130% across all
treatments, compared to an average increase ofléAtywith lime and 18% with P additions.
While these simple effects on plant growth givadea about the overall impact of earthworms
vs. lime vs. P additions, significant interactidoetween soil factors (mainly earthworms) and

plant treatment (Table S1) led us to focus on sgpamalyses for each plant treatment.
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Microcosms containing only the graBsdecumbens responded to all soil factors, and the
effects were generally greater than that obseroettéatments containinig vulgaris. For
example, earthworm presence resulted in a 180%aserfor both aboveground and total plant
biomass oB. decumbens (p < 0.001; Table 1), while total biomass increbsist 30% with lime
(p = 0.009) and 22% with P additions (p = 0.03&).9\gnificant interactions between soll
factors were observed (Table 1) for total biomassipction in treatments containing oridy
decumbens. Shoot to root ratio dB. decumbens was only influenced by lime additions, such that
adding lime on average increased the ratio by 16%ccordance with the large observed
increases in plant biomass, the presence of eanthsvgielded a 240% increase in total plant N
uptake (root + shoot N) &. decumbens, while no significant N uptake effects were obgerior
the other soil factors or interaction terms (TableThe influence of soil treatments on total P
uptake is more complex, with both earthworms ame: [(but not P additions) increasing plant P
content by roughly 60% (p < 0.001); however, theas a significant interaction between lime
and P additions (p = 0.034; Table 1). Pairwise cannpns based on Tukey tests indicate that P
fertilizer increased plant P content in the presesfcadded lime (p < 0.001); but that P in the
absence of lime had no effect (p > 0.10). Additlna significant three-way interaction
between earthworms, lime and P addition (p = 0.888pests that earthworms also play an
important role in regulating P uptake Bydecumbens (Table 1).

The effect of the different soil factors on thedawe,P. vulgaris, growing alone was less
pronounced than fd8. decumbens. Earthworms increased aboveground and total bistmgas
48% and 35%, respectively (p < 0.001), while lindditions increased aboveground biomass
production by just 19% (p = 0.031) and had no $icgmt effect on total biomass (Table 2). A

marginally significant interaction between earthmerand lime (p = 0.087) suggests that lime
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additions increased the biomasdPofulgaris more in the presence of earthworms than in their
absence. In addition to their positive effects varall biomass production, earthworms were
found to increase the biomass of plant reprodugiaues (beans pods + flowers, a proxy for
yield) by 92% (p = 0.004; data not shown), whil&mer lime nor P additions significantly
influenced the production of bean pods and flowBath earthworms and lime were observed to
increase the shoot to root ratioRfvulgaris, by 47% and 32%, respectively (p < 0.01). Effects
on total plant N content (via soil uptake and fiaaj were similar to those observed for biomass.
Earthworms were found to increase total plant N@atnby more than 70% (p < 0.001);
however, there was a significant interaction betwegrthworms and lime (p < 0.001; Table 2)
Pairwise comparisons suggest that this effect waatly enhanced in the presence of lime (p <
0.001), but that lime alone has no effect of tbtalontent ofP. vulgaris (p > 0.10; Fig. 1). While
lime additions significantly increased P uptakePbyulgaris overall (p = 0.007), there were also
significant interactions of lime with both earthwts and P additions (p < 0.002; Table 2).
Pairwise comparisons indicated that the lime wag effiective at increasing P uptake in the
presence of earthworms or P fertilizer (p < 0.001},not in their absence (p > 0.10).

The combined treatment, with bd@hdecumbens andP. vulgaris, yielded intermediate
results (relative to the two monocultures) for plgrowth and nutrient content. Earthworms
increased both aboveground and total biomass ptioduty 89% and 83%, respectively (p <
0.001; Table 3). Additions of P fertilizer incredd@iomass production (aboveground and total)
by approximately 30% (p < 0.001), while lime hadeifect. Shoot to root ratio for the combined
treatment was not affected by the soil factorsepkfor an interaction between earthworms and
P additions. As observed for tRevulgaris alone treatment, earthworms more than tripled the

biomass of plant reproductive components (p = Q.888 not shown), while lime and P
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additions had no effect. Earthworms more than dedibl content of the grass-bean mixture (p <
0.001), while P additions yielded a 30% increasl ontent (p = 0.025; Table 3). There were
no significant interactions observed between saitdrs for biomass production or total biomass
N content. Total plant P uptake was increasedrbg tind P additions by roughly 30% for each
(p < 0.006), while earthworms yielded only a 20%ré&ase (p = 0.037). However, there was a
significant interaction between lime and earthwof{ms 0.004, Table 3). Tukey tests indicate
that lime only increased plant P content in thespnee of earthworms (p < 0.001), but not in

their absence (p > 0.10).

3.3 Impacts on Soil Properties

Significant treatment effects were observed for stoucture, such that both earthworms
and plant treatments greatly impacted aggregatdistaOn averageB. decumbens increased
MWD by the greatest amount (45% increase relatwae no plant control), while. vulgaris
had a lesser effect (20% increase relative to ogrfrg. 2). Earthworms also increased MWD by
32% on average (p < 0.001); however, a signifieanthworm by plant treatment interaction (p
= 0.010; Fig. 2) indicates the need to consideeffect of earthworms on a treatment-by-
treatment basis. In doing 98, vulgaris had virtually no impact on aggregation in the alogeof
worms (pairwise comparison p > 0.10), but MWD iraged by 64% when earthworms were
present in this treatment (p < 0.001). In conti@stlecumbens alone improved aggregation by
36% in the absence of earthworms (p = 0.058), véseearthworms in this plant treatment did
not yield significant additional benefits for aggation (p > 0.10). While earthworms can have

notable impacts on aggregation in the presencéotp(depending on plant type), they appear
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to demonstrate virtually no effect on aggregatiomicrocosms where plants are absent (p >
0.10; Fig. 2).

Treatment effects on soil P availability were mmal, with P addition being the only
factor that significantly increased resin P at leatyfrom 0.33 to 0.94g g*; p < 0.001). No
significant impacts of earthworms, lime or P aduglit were observed for soil microbial P (Table

S1).

4. Discussion

Findings from this study and previous work in thi@nos suggest that reduced soil
biological activity (i.e., macrofauna) associatathvintensive management practices (e.g.,
excessive tillage, agrochemical inputs; see Laetlkd. 2014) could have important implications
for long-term agricultural productivity in the regi and needs to be considered in future farm

management strategies.

4.1 Relative Impact of Earthworms vs. Soil Fertility Amendments

Earthworms greatly enhanced plant growth in thiglg which largely corroborates past
results demonstrating the positive effects of @eotims on crop and forage production. In a
meta-analyses, van Groenigaral. (2014) reported earthworms to increase the biomass
production of grasses by around 25% on averagéegighes by only about 10%. With a 180%
increase foB. decumbens and a 35% increase fBr vulgaris (Tables 1 and 2), our study
indicates the potential for substantially greatemddfits of earthworms to agricultural
productivity. Despite the considerably larger biesiancrease, our findings broadly fit with

those of van Groenigest al. (2014), who report the greatest earthworm benigfigid soils
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(pH < 5.6), tropical climates, and for experimentth relatively low N addition (< 30 kg/ Fa,

all conditions that apply to this study. Similarlypguera et al. (2010), working with a soll
collected from a nearby site in the Llanos regfoondP. corethrurus to more than double the
biomass production of rice in the absence of mirfertilizer (NPK) inputs. However, relative
impacts of earthworms were considerably reducedrnrore productive, volcanic ash soil (from
the Cauca Dept., Colombia) or with mineral fergéliadditions (Noguera et al. 2010). In another
study, Fonte et al. (2012) found similar densiGéB. corethrurus to increase the biomass
production ofB. decumbens by roughly 30% in a relatively fertile Mollisol. Bse findings

suggest that overall soil fertility and/or nutriemailability likely determines the relative impact
of earthworms on productivity across agricultuitds We note this observation to be of
particular relevance for the Llanos and other trapiegions where soils are generally acidic and
fertilizer inputs may often be less than optimalddo local economic constraints), and therefore,
earthworms (and associated biological activity)léedy to contribute relatively more to
agroecosystem productivity.

Interestingly, we note that the relative effeceafthworms on plant growth was much
greater than that of typical application ratesimil and/or P fertilizer, both inputs that are
frequently applied in Oxisols globally to manage/ IpH and associated P limitation. This was
especially true in thB. decumbens treatments, where earthworms nearly tripled toi@nass
production compared to increases of less than 3@bolwe and P additions (Table 1). While
the differences were smaller, earthworms also édulgreater influence on the growthrf
vulgaris than either lime or P additions. Findings by Lae$sl. (2010), working in soils from
France, showed a similar result, where the eartintambricus terrestris yielded a comparable

effect to mineral fertilizers (48 kg N, 32 kg P ahd kg K h&) for both the gras$0a annua,



349  and the legumélrifolium dubium. One key difference in our experiment was the atsef N

350 application, which could have been more limitinggtowth than available soil P, and thus

351 reduced the efficacy of lime and P fertilizer aloHewever, given tha®. vulgarisis not likely

352  to be as limited by N, since it has access to giokdly fixed N, we suspect that the greater

353  observed benefits of earthworms over P and/or &dditions was not dependent on N limitation.
354  Additionally, we note that higher rates of P feézer and lime would likely have produced a

355 larger effect on plant growth, but feel that theels tested here are representative of many farms
356 in the region and thus are relevant. It is alsotlvaoting that earthworm mortality can provide a
357  significant source of N and P and may have beatt@aif in microcosms where earthworms died.
358 However, given that we observed significant turmgeind casting activity in all earthworm

359 microcosms and did not observe any correlationsdxst plant growth (or nutrient uptake) and
360 earthworm survival in the microcosms, we feel faabnfident that earthworm effects reported
361 are due mainly to the activity of live earthworms.

362

363 4.2 Earthworms Enhance the Efficacy of Common Soil Amendments

364 While the relatively large impacts of earthwornmspdant growth discussed above are
365 indeed important, the interactions observed betveaethworms and the fertility amendments
366  are perhaps of greater relevance. For examplejdrooosms containing. vulgaris, lime alone,
367 orin combination with P, yielded virtually no imase in biomass production or nutrient uptake
368 relative to the control. However, when lime wasettlth the presence of earthworms, N uptake
369 was more than doubled (Fig. 1). While not as dramsimilar effects were also observed for
370 total biomass production and P uptake&Pboyulgaris (Table 2). These results indicate that

371 earthworms can enhance the efficacy of some stilitieamendments, and that farmers may be
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able to improve resource use efficiency by fostghealthy earthworm communities through
improved management practices.

A number of mechanisms may be responsible foobserved interactions between
earthworms and lime. Given that this effect way aignificant for N and P uptake in treatments
with the legumeP. vulgaris, it may be that earthworms and lime helped to tite N
availability and/or indirectly enhanced biologidafixation. Earthworms have been shown to
enhance the colonization Bhizobium and nodule formation in clover (Doube et al. 1994)
Additionally, both earthworms and lime are knownrtftuence soil P availability (Lopez-
Hernandez et al. 1993, Fageria and Baligar 200Biziwcan be an important determinant of N
fixation (Snapp et al. 1998, Reed et al. 2007) @retall crop performance, especially in acid
soils, like those studied here. Interestingly, weerthat neither resin P nor microbial biomass P
in the bulk soil increased with lime or earthwornmsa study examining the influence of
earthworms on the incorporation of lime in soilsa@ et al. (2003) found pH to increase
substantially in earthworm casts, but to show retdy little change in bulk soil. Therefore, we
suspect that earthworms may be interacting witle limincrease P availability at a microsite
scale (i.e., within soil aggregates formed fromirtbast; Jimenez et al. 2003), but this effect is
not detectable in bulk soil, at least using thes&8weation methods employed here. At the same
time, the greater N uptake Byvulgarisin the presence of earthworms and lime may also be
associated with increased N availability, as beattrevorms and elevated pH can stimulate N

mineralization in soils (Curtin et al. 1998, Lubbet al. 2011).

4.3 Treatment Impacts on Soil Properties
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In addition to marked impacts on plant growth anttient uptake, the treatments tested
in this study provide valuable information on pdiainfbelowground impacts of management.
Most notably, we observed that both earthwormsant cover have a positive effect on soll
aggregate stability (Fig. 2). More importantly, aleserved a significant interaction between the
plant and earthworm, such that earthworms hadasively larger impact in the presence of a
legume,P. vulgaris, and no effect in the microcosms without plantssTesult mirrors findings
of previous studies suggesting that earthwormsad@ontribute to soil structure in the absence
of plants or associated organic residues (FonteSan@010, Fonte et al. 2012), since organic
matter serves as a food source to stimulate earthy@nd microbial) activity and eventually
forms the ‘glue’ which helps bind soil particleg&ther within earthworm casts to form stable
soil aggregates (Blanchart et al. 2004). The greateact of earthworms in the presencédof
vulgarisis likely due to the reduced ability of their redb aggregate soils, since they are much
less fibrous than those Bf decumbens. Moreover, earthworm activity is stimulated in the
presence of higher residue quality (i.e., highedNcentration that is commonly associated with
legumes). Similarly, Velasquez et 2012) found the presence of the legulinachis pintoi to
stimulate earthworm populations in Brazilian pastsystems and this translated into a greater
presence of biogenic (i.e., earthworm derived) egates. Improvements to soil structure
associated with earthworms and growing plants cbhalege important benefits for water capture,
erosion control, gas exchange, root penetrationGasthbilization in soils. Our findings
highlight the importance of managing vegetativeeraa agroecosystems to ensure continuity of
plant residue inputs (above and belowground) antepting soil macrofauna communities. This
is especially pertinent for soils in the Llanos @fhare known to be highly susceptible to

compaction and overall degradation of soil strue{@&mezquita et al. 2004).
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5. Conclusions

With substantial investment from farmers and redeas, the Colombian Llanos is
undergoing a rapid transformation to more intensigeculture, yet the long-term sustainability
of this change is not entirely clear. Our findisggport previous studies and demonstrate that
the common earthworn®, corethrurus, can dramatically increase plant productivity refatio
common soil fertility amendments in relatively paails from the Llanos. Additionally,
earthworms appeared to enhance the efficacy ofitinsepporting N uptake (and/or, ixation)
in the legumdP. vulgaris. These results suggest that earthworms and athidsigta can make
important contributions to agroecosystem produigtiand long-term sustainability in the Llanos
This finding highlights the need for developingnfamg practices and policies that better take
into consideration soil biological communities &upporting agricultural productivity, resource

use efficiency, and a range of soil-based ecosys&wmices.
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538 Table 1: Biomass production and nutrient uptake by thegBadecumbens with and without additions

539 of earthwormsR. corethrurus), lime and/or phosphorus to experimental microcosiith soil from
540 the Meta region of Colombia. Values to the righeath mean, in italics, represent the standard erro
541 of the mean. ANOVA results for each soil factor afidoossible interactions are presented below,
542 with significant effects (p < 0.05) in bold. Meaasd SEs are presented for raw data, while p-values
543 are presented for transformed data.
Total Biomass® Shoot:Root Total BiomassN®  Total Biomass P?
Worm Lime Phosphorus
(g microcosm™) Ratio (mg microcosm™)  (mg microcosm™)
Yes Yes Yes 2.4C 050 1.9¢ 021 9.4¢ 156 1.01 0.15
Yes Yes Nao 1.6¢ 0.18 1.9¢ 013 8.8¢ 044 0.9t 014
Yes No Yes 1.9 032 1.8C 0.08 10.28 133 0.5¢ 0.09
Yes No Nao 1.3¢ 0.03 1.6¢ 011 8.17 035 0.51 002
No Yes Yes 0.7¢ 0.01 2.0z 011 3.2C 001 0.6¢ 0.04
No Yes Nao 0.7¢ 013 1.8¢ 0.08 3.37 066 0.4¢ 0.07
No No Yes 0.5¢ 0.07 1.6% 0.03 2.7€ 1.00 0.2¢ 0.06
No No No 0.4¢ 0.02 1.67 0.04 2.0t 0.30 0.47 0.06
ANOVA results p-value p-value p-value p-value
Earthworn <0.001 0.43¢ <0.001 < 0.001
Lime 0.009 0.004 0.151 <0.001
Phosphort 0.036 0.52( 0.42¢ 0.891
Earthworm x Limi 0.35¢ 0.68¢ 0.14¢ 0.43¢
Earthworm x Phosphor 0.14: 0.99¢ 0.87( 0.64¢
Lime x Phosphort 0.69( 0.91¢ 0.47¢ 0.034
Earthworm x Lime x Phosphor 0.56: 0.252 0.96¢ 0.033

%includes above- and belowground biomass

bp-values represent In transformed data for allakdeis

544



545  Table2: Biomass production and nutrient uptake by theegP. vulgaris with additions of earthworms

546 (P. corethrurus), lime and/or phosphorus to experimental microcosiith soil from the Meta region
547 of Colombia. Values to the right of each mearitdhics, represent the standard error of the mean.
548 ANOVA results for each soil factor and all possibiteractions are presented below, with significant
549 effects (p < 0.05) in bold. Means and SEs are ptedeor raw data, while p-values are presented for
550 transformed data.

Total Biomass Shoot: Root Total BiomassN?®  Total Biomass P?
Worm Lime Phosphorus

(g microcosm™) Ratio (mg microcosm™  (mg microcosm™)
Yes Yes Yes 2.0t 0.26 4.81 068 43.3¢ 13.10 3.31 051
Yes Yes No 2.30C 024 4.5¢ 055 20.8¢ 229 2.07 0.29
Yes No Yes 1.7 o001 3.1¢ 0.50 17.0¢ 240 1.2¢ 015
Yes No No 1.7C 0.06 3.2C 0.35 18.1: 263 1.4C 0.06
No Yes Yes 1.31 013 2.5z 0.39 12.9C 042 2.0¢ 0.07
No Yes No 1.5¢ 0.13 3.25 0.26 12.42 056 1.47 019
No No Yes 1.3 0.06 2.54 020 12.7C 0.64 1.92 0.08
No No No 1.51 o0.16 2.27 024 14.0¢ 151 2.3¢ 0.23
ANOVA results’ p-value p-value p-value p-value
Earthworn <0.001 0.001 <0.001 0.55i
Lime 0.08¢ 0.009 0.171 0.007
Phosphort 0.13: 0.721 0.69: 0.13:
Earthworm x Limi 0.08% 0.24: 0.033 < 0.001
Earthworm x Phosphor 0.47¢ 0.64¢ 0.44¢ 0.49¢
Lime x Phosphort 0.39¢ 0.39¢ 0.12: 0.001
Earthworm x Lime x Phosphor 0.77¢ 0.24¢ 0.79( 0.88¢

%includes above- and belowground biomass
®p-values represent In transformed data for allakdeis except Total Biomass N where a Box-Cox tansdtion was used

551



552  Table 3: Biomass production and nutrient uptake by the ssatiixture oB. decumbens andP. vulgaris
553  with additions of earthwormd( corethrurus), lime and/or phosphorus to experimental microcgrith
554  soil from the Meta region of Colombia. Values te tight of each mean, in italics, represent thedsted
555  error of the mean. ANOVA results for each soil facind all possible interactions are presentednigelo
556  with significant effects (p < 0.05) in bold. Meaausd SEs are presented for raw data, while P-valees
557  presented for transformed data.

Total Biomass Shoot: Root Total BiomassN?  Total Biomass P?
Worm Lime Phosphorus

(g microcosm™) Ratio (mg microcosm™)  (mg microcosm™)
Yes Yes Yes 2.65 0.15 2.3 049 18.1¢ 237 1.9t 0.08
Yes Yes No 1.7t 014 3.0z 0.26 12.7% 0.77 1.3C o0.02
Yes No Yes 217 031 2.0t 013 2197 333 1.1¢ o0.16
Yes No No 1.57 o0.07 2.3€ 0.16 13.9¢ 163 0.7¢ 0.02
No Yes Yes 1.21 018 2.6¢ 0.10 10.2¢ 3.40 1.31 030
No Yes No 1.0¢ 0.06 1.9 023 7.44 040 0.8: 0.07
No No Yes 1.17 0.06 2.1f 0.22 7.3 0.26 0.9¢ 0.03
No No No 0.9t 0.03 2.0 013 7.0C 051 1.0¢ 015
ANOVA results’ P-value P-value P-value P-value
Earthworn <0.001 0.18¢ <0.001 0.037
Lime 0.11( 0.11: 0.95¢ 0.006
Phosphort 0.001 0.86( 0.025 0.004
Earthworm x Lim 0.39¢ 0.54: 0.21( 0.004
Earthworm x Phosphor 0.147 0.015 0.23¢ 0.18:
Lime x Phosphort 0.861 0.66¢ 0.87¢ 0.13:
Earthworm x Lime x Phosphot 0.48: 0.17¢ 0.54¢ 0.157

%includes abov- andbelowground bioma:
®p_values represent In transformed data for allatées
558
559
560



Worm No Worm Worm No Worm

Lime No lime

Figure 1: Mean N content (shoots and rootsPofulgaris plants grown in microcosms with and without
earthwormsR. corethrurus) and/or lime additions in soil from the Meta ragiaf Colombia. Error
bars represent the standard error of the mean.



2000 -

1800 -
|

1600 - T

e e

o N A

SO o o

o o© o
1 1 1

800 -

600 -

Mean Weight Diamter (um)

400 -

200 -

Worm |No Worm
No Plant

Worm |No Worm
L egume

Worm |NOWorm Worm ‘NoWorm

Grass

Grass+ Legume
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of the mean.



Table S1: P-values for ANOVA examining the impacts of plénsatmentsH. decumbens alone,P. vulgarisalone, and the combination of the two
species)earthwormsP. coretherus), lime and phosphorus (each factor alone and ipoalsible combinations) on key plant growth anitl so
parameters in experimental microcosms with soitiftbe Meta region of Colombia. Values to the righéach mean, in italics, represent the
standard error of the mean. All variables wergdndformed to meet the assumptions of ANOVA. Alhsficant effects (P < 0.05) are
presented in bold font. Means and SEs are presénteaw data, while P-values are presented forsfiamed data.

Total Biomasss Shoot:Root Total BiomassN? Total BiomassP*  Aggregate Avallable  Microbial P

Stability Soil P in Sail
Experimental Factor/s Considered (g microcosm™) Ratio (mg microcosm™)  (mg microcosm™) (MWD pm) (ggsail®)  (uggsoil?)

Plan < 0.001 < 0.001 < 0.001 <0.001 <0.001 0.99( 0.73:2
Earthworn <0.001 <0.001 <0.001 < 0.001 < 0.001 0.157 0.47¢
Lime < 0.001 < 0.001 0.037 <0.001 0.46: 0.285 0.87¢
Phosphort 0.004 0.87i 0.015 0.010 0.72¢ <0.001 0.37¢
Plant x Earthwort < 0.001 0.003 0.000 0.001 0.010 0.447 0.25¢
Plant x Lime 0.24( 0.271 0.35( 0.043 0.25¢ 0.83¢ 0.59:
Plant x Phosphori 0.002 0.83¢ 0.57¢ 0.11¢ 0.80: 0.34¢ 0.97(
Earthworm x Limi 0.507 0.26 0.757 <0.001 0.98: 0.365 0.59¢
Earthworm x Phosphor 0.031 0.211 0.122 0.16¢ 0.13: 0.24( 0.77¢
Lime x Phosphort 0.531 0.72i 0.50¢ <0.001 0.64: 0.051 0.94¢
Plant x Earthworm x Linr 0.15: 0.45¢ 0.010 0.018 0.44¢ 0.29¢ 0.09¢
Plant x Earthworm x Phosphor 0.671 0.047 0.66 0.84¢ 0.80¢ 0.09¢ 0.55¢
Plant x Lime x Phosphor 0.80¢ 0.51¢ 0.18( 0.41( 0.32¢ 0.€33 0.28¢
Earthworm x Lime x Phosphot 0.52¢ 0.73¢ 0.681 0.024 0.35¢ 0.94: 0.89¢
Plant x Earthworm x Limx Phosphort 0.75¢ 0.10¢ 0.431 0.13( 0.61( 0572 0.38¢

%includes abov- and belowground biome



Title: Earthworms regulate productivity and efficacy of soil fertility amendmentsin acid soils of
the Colombian Llanos

Highlights:
 Earthworms enhance plant growth more than lime or P fertilizer
» Limeonly improves plant N uptake in the presence of earthworms
 Earthworms enhance soil structure, but only in the presence of growing plants

» Farm management should consider soil biological communities to optimize resource use
efficiency



