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P e r e n ni al cr o p s r e q uir e w at er y e ar-r o u n d, str ai ni n g w at er r e s o ur c e s, p arti c ul arl y i n ari d a n d s e mi- ari d r e gi o n s 

t hr o u g ht t h e w orl d. Of t h o s e r e gi o n s, t h e L o w er Ri o Gr a n d e V all e y of T e x a s, U S A, d e p e n d s o n fl o o d irri g ati o n t o 

m e et w at er d e m a n d s of cr o p s. A p pr o xi m at el y 6 0 – 7 0 % of citr u s pr o d u c er s u s e fl o o d irri g ati o n t o irri g at e t h eir 

gr o v e s, w hi c h i s l e s s ef fi ci e nt t h a n ot h er irri g ati o n m et h o d s s u c h a s mi cr o-j et or dri p irri g ati o n. Fl o o d irri g ati o n i s 

t o r e d u c e c o st, e q ui p m e nt, a n d e n er g y r e q uir e d, a n d n o l a n d n e e d s t o b e t a k e n o ut of pr o d u cti o n t o b e u s e d f or 

h ol di n g p o n d s. T h er ef or e, c o n s er v ati o n pr a cti c e s t h at ar e a d a pt e d f or fl o o d irri g ati o n ar e n e c e s s ar y i n t h e s e ar e a s 

w h er e  i nfr a str u ct ur e  i s  l e s s  c o n d u ci v e  t o  ot h er  pr a cti c e s.  W at er  u s e  ef fi ci e n c y  a n d  p ot e nti al  w at er  s a vi n g s  i n 

diff er e nt  gr o v e- fl o or  m a n a g e m e nt  str at e gi e s,  citr u s  tr e e  gr o wt h,  s oil  m oi st ur e,  a n d  irri g ati o n  v ol u m e  w er e 

m e a s ur e d  o v er  t h e  c o ur s e  of  3  y e ar s  (fr o m  e st a bli s h m e nt  t o  fir st  h ar v e st)  i n  f o ur  diff er e nt  gr o v e  fl o or  m a n -

a g e m e nt  str at e gi e s.  T h e s e  str at e gi e s,  fl at- b e d  n o  pl a sti c  m e s h  gr o u n d c o v er  (tr a diti o n al),  fl at- b e d  wit h  pl a sti c 

m e s h gr o u n d c o v er, r ai s e d b e d n o gr o u n d c o v er, a n d r ai s e d b e d wit h gr o u n d c o v er s h o w e d  v ar yi n g i m p a ct s o n 

y o u n g citr u s tr e e gr o wt h, s oil m oi st ur e, a n d w at er s a vi n g s o v er t hi s st u d y p eri o d. B y t h e e n d of t h e st u d y, 2. 2 % 

w at er  s a vi n g s  ( 4 4, 4 0 3  L  o v er  4  y e ar s)  w er e  f o u n d  i n  t h e  fl at  b e d  wit h  gr o u n d c o v er  tr e at m e nt  c o m p ar e d  t o 

tr a diti o n al gr o v e fl o or m a n a g e m e nt. T hi s tr e at m e nt al s o r e s ult e d i n hi g h er w at er u s e ef fi ci e n c y a n d gr e at er i niti al 

gr o wt h of y o u n g citr u s. O v er all, t h e u s e of gr o u n d c o v er s h o w e d m u c h p ot e nti al f or c o n s er vi n g w at er c o m p ar e d 

t o tr a diti o n al, u n c o v er e d fl at b e d m a n a g e m e nt m et h o d s. T h e s e gr o v e fl o or m a n a g e m e nt pr a cti c e s c a n i m pr o v e 

tr e e gr o wt h a n d e st a bli s h m e nt i n y o u n g citr u s tr e e s i n a d diti o n t o i m pr o vi n g w at er u s e ef fi ci e n c y. H o w e v er, it i s 

y et t o s e e h o w t h e s e b e n e fit s will tr a n sl at e t o m or e m at ur e tr e e s.   

1. I nt r o d u cti o n 

Dr o u g ht  a n d  w at er  s c ar cit y  i n  ari d,  s e mi- ari d,  a n d  s u btr o pi c al  r e -

gi o n s i s of gr e at c o n c er n a s cli m at e c h a n g e i nt e n si fi e s w e at h er e xtr e m e s 

(W h e at o n  a n d  K ul s hr e s ht h a,  2 0 1 7 ).  A s  a gri c ult ur al  r e gi o n s  ar e  b ei n g 

ur b a ni z e d  a n d  w at er  i s  pri oriti z e d  i n  m u ni ci p al  ar e a s,  l e s s  i s  b ei n g 

all o c at e d  f or  a gri c ult ur al  c o n s u m pti o n.  Pr o bl e m s  s u c h  a s  i n cr e a s e d 

m u ni ci p al u s e a n d d e m a n d, fr e q u e nt dr o u g ht s, a n d n ei g h b ori n g st at e s 

a n d  c o u ntri e s  s h ari n g  w at er  s u p pli e s  h a v e  str et c h e d  w at er  r e s o ur c e s 

b e y o n d t h eir li mit s. I n t h e U nit e d St at e s of A m eri c a ( U S), t h e L o w er Ri o 

Gr a n d e V all e y ( L R G V) l o c at e d i n s o ut h er n T e x a s, b or d er s M e xi c o, a n d i s 

c h ar a ct eri z e d b y a s e mi- ari d, s u btr o pi c al cli m at e. It al s o h a s o n e of t h e 

f a st e st gr o wi n g p o p ul ati o n r e gi o n s i n t h e c o u ntr y, a n d o n e of t h e m o st 

u ni q u e  w at er  d eli v er y  s y st e m s  ( K ni g ht,  2 0 0 9 ).  H o w e v er,  w at er  r e -

stri cti o n s a n d dr o u g ht h a v e l eft r e gi o n al w at er a ut h oriti e s str u g gli n g t o 

m e et t h e c urr e nt a gri c ult ur al a n d m u ni ci p al n e e d s. 

T h e pri m ar y s o ur c e of w at er f or t h e L R G V i s t h e  Ri o Gr a n d e ( Ri o 

Br a v o i n M e xi c o) t h at b or d er s t h e U S a n d M e xi c o. W at er i s di v ert e d fr o m 

t h e ri v er b y b ot h c o u ntri e s a n d i s g o v er n e d b y a n a gr e e m e nt c o ntr a ct 

w hi c h  di ct at e s  di v er si o n  all o w a n c e s  ( St u b b s  et  al.,  2 0 0 3 ).  Irri g ati o n 

di stri ct s  i n  t h e  L R G V  o p er at e  p u m pi n g  st ati o n s  t h at  pr o vi d e  w at er  t o 

citi e s a n d a gri c ult ur al pr o d u c er s, w hi c h cr e at e s fri cti o n a s pri oriti e s f or 

w at er  s hift  t o  m u ni ci p al  ar e a s  i n  ti m e s  of  dr o u g ht.  A  c a n al  s y st e m 

o p er at e d b y 2 7 w at er di stri ct s d eli v er s w at er fr o m t h e Ri o Gr a n d e t o t h e 

m u ni ci p aliti e s a n d a gri c ult ur al pr o d u c er s t hr o u g h 5, 6 1 8 k m of c a n al s, 

pi p eli n e s,  a n d  r e s a c a s  ( K ni g ht,  2 0 0 9 ).  F urt h er m or e,  t h e s e  di stri ct s 

*  C orr e s p o n di n g a ut h or. 
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require “push water” to move water from pumping stations located 
along the river to different end user locations that radiate north, east, 
and west throughout the LRGV. This results in areas further away from 
the pumping stations requiring larger allocations of “push water” and in 
turn increases the likelihood of these regions to not receive water during 
times of drought (Rio Grande Regional Water Planning Group, 2015). 

Taking into account the infrastructure of the region is important 
when developing more efficient strategies. The canals in the LRGV that 
deliver water are more suited for flood irrigation practices because 
growers can directly divert water with a smaller amount of energy than 
drip and microjet systems require (Knight, 2009). Therefore, flood irri
gation practices prevail in south Texas even though newer, more effi
cient irrigation technologies are available (Young et al., 2011). This 
negatively impacts water conservation due to the large amount of water 
applied to a grove or field and the resulting evaporation, runoff, or 
leaching that occurs. Producers must provide enough water to maintain 
yields and growth, while facing the reality of less water availability 
(García-Sánchez et al., 2007; Hondebrink et al., 2017; Kusakabe et al., 
2016; Nelson et al., 2013). 

Water management and conservation through various conservation 
practices is a priority for the Texas state and regional water plans (Rio 
Grande Regional Water Planning Group, 2015; www.twdb.texas.gov). 
Recent research has shown that narrow border flood (NBF), drip irri
gation (DI), and microsprinkler (MS) water conservation methods could 
potentially save between 32.3 to 60.4 million cubic meters (26,200 to 
49,000 acre-feet) of water in the Texas citrus industry each year (Nelson 
and Young, 2011; TexasAWE.org). While these findings have encour
aged some adoption of water conservation methods, many citrus pro
ducers face other challenges that require more intensive grove floor 
management. Weeds, vines, clayey soils with poor drainage, soil mois
ture variation, and water-borne diseases like Phytopthora spp. are com
mon problems for citrus producers (Abouziena et al., 2008; Enciso et al., 
2005; Graham and Timmer, 2003; Wiedenfeld et al., 1999). However, 
many of these issues can be addressed through proper grove floor 
management practices. Grove floor management is becoming more 
whole-systems centric to incorporate not only pest and disease, weed 
management, and water conservation strategies but also provide sus
tainable solutions that improve tree growth, health, and production. In 
previous research studies conducted by Simpson et al. (2019, 2020), 
grove floor management strategies that incorporated raised beds and 
black plastic mesh groundcovers had significant impacts on citrus tree 
growth, production, and root distribution. However, these studies did 
not include analysis of water savings or water use efficiency due to field 
site limitations. Therefore, the study of these promising new grove floor 
management strategies as they pertain to water conservation are 
important for future adoption. 

The objectives of this research were to determine if different grove 
floor management strategies could be used to improve water savings in 
young citrus establishment. Water use efficiency (WUE) and water 
conservation in different grove floor management strategies were 
explored. A local citrus producer aided in this study to evaluate these 
factors along with tree growth, soil moisture, and first year’s yield in a 
young citrus planting. The evaluated four grove floor management 
strategies were studied for 3 years from planting. This study provides 
potential methods to prevent excessive water loss from soils and main
tain available water in the root zone for plant establishment. This could 
also reduce the frequency of irrigation events, the amount of water 
needed for irrigation and, could conserve more water and increase WUE 

during young tree establishment, benefiting producers both financially 
and environmentally. 

2. Materials and methods 

2.1. Experiment site and setup 

The experimental site was located in McAllen, Texas, US on a 6 ha 
(15 acre) plot of land owned by Southmost Farms (26◦08′08.9"N, 
98◦15′50.7"W). The soils in this location were predominantly Mata
moros silty clays with >50% clay particles. Four grove floor manage
ment treatments: flat beds with no groundcover (traditional; FNC), flat 
beds with black plastic mesh groundcover (FC), raised beds with no 
groundcover (RNC), and raised beds with groundcover (RC), were 
divided by soil berms to distinguish between treatments and allocate 
water according to the needs of each treatment. Treatments were con
structed on 1.61 ha, 1.62 ha, 1.36 ha and 1.47 ha plots of land, 
respectively. 

The site was prepared in late 2015 to early 2016, by laser leveling flat 
beds or raising the beds depending on treatment. In the raised beds, a 
specially adapted bedding apparatus was used to raise the soil surface to 
between 45 and 53 cm (18-21 inches) as reported by Simpson et al. 
(2019). Briefly, beds were prepared at a slight angle and 1.5 m wide at 
the top and 2.2 m wide at the bottom and spacing of rows and trees was 
approximately 7.5 × 4.5 m. The groundcover consisted of a black plastic 
mesh laid on the raised or leveled bed and the sides were anchored and 
buried to prevent movement. Valencia orange trees (Citrus sinensis cv. 
Valencia) microbudded onto Sour Orange rootstocks (Citrus aurantium 
L.) were planted in April 2016 in each respective treatment. Each 
treatment consisted of 11 rows and treatments were laid out in a block 
design (Fig. 1). Four rows in each treatment were chosen and 10 trees 
per row (40 trees per treatment) were selected and marked for mea
surements. The producer maintained tree fertilization and pest man
agement programs throughout the study, and each treatment was 
treated equally with the exception of irrigation volumes. 

2.2. Irrigation and soil moisture measurements 

Due to drought and heat conditions the year of planting, trees were 
initially irrigated frequently to prevent loss. Poly-tubing was used to 
direct irrigation water to each row and treatment at rates specified by 
the producer according to experience and moisture sensors. The soil 
berms (ca. 1.5 m away on each side of tree planting row) created a 
‘basin’ within each treatment and prevented significant water move
ment to other treatments. The producer recorded the amount of irriga
tion applied (in acre-inches) then the information was relayed to the 
researchers and converted to SI units. Soil moisture sensors and data
loggers (Watermark soil moisture sensors, Irrometer Company Inc., 
Riverside, CA) were installed according to manufacturer’s instructions 
at two locations within each treatment and at two depths per location 
(15 and 45 cm). Soil moisture measurements (soil water potential, kPa) 
were programmed to record every two hours each day throughout the 
study and then averaged. Data from the sensors was used to determine 
irrigation needs. 

In addition to the soil moisture measurements collected, the amount 
of water applied to each treatment area throughout the seasons was also 
recorded. From this, water savings (%) and water use efficiency were 
calculated using the following calculations: 

% Water savings =

(
water applied in traditional planting treatment − water applied in comparison treatment

water applied in traditional treatment

)

∗ 100 (1)   

C. Simpson et al.                                                                                                                                                                                                                                
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W at er us e effi ci e n c y

(
k g

m 3

)

=

(
w ei g ht of h ar v est e d fr uit

w at er a p pli e d

)

( 2) 

W at er u s e ef fl ci e n c y ( W U E) w a s c al c ul at e d t o d et er mi n e h o w eff e c -

ti v el y tr e e s w er e u si n g w at er i n e a c h tr e at m e nt. Aft er h ar v e st, t h e w ei g ht 

of h ar v e st e d fr uit f or e a c h tr e at m e nt w a s di vi d e d b y t h e a m o u nt of w at er 

a p pli e d d uri n g t h e s e a s o n ( ~ 1 y e ar). 

2. 3. Pl a nt gr o wt h m e as ur e m e nts 

Tr e e h ei g ht, c a n o p y cir c u mf er e n c e, a n d tr u n k di a m et er w er e r e c or -

d e d m o nt hl y t hr o u g h o ut t h e st u d y. E v er y f o urt h tr e e w a s m ar k e d wit hi n 

e a c h r o w t o e n s ur e gr o wt h m e a s ur e m e nt s w er e c oll e ct e d c o n si st e ntl y o n 

t h e  s a m e  tr e e s  t hr o u g h o ut  t h e  e x p eri m e nt.  A  t ot al  of  4 0  tr e e s  p er 

tr e at m e nt ( 1 0 tr e e s p er r o w / 4 r o w s p er tr e at m e nt a n d 1 6 0 tr e e s t ot al f or 

all 4 tr e at m e nt s) w er e u s e d f or gr o wt h m e a s ur e m e nt s. Tr e e h ei g ht fr o m 

t h e gr o u n d t o t h e t o p of t h e c a n o p y w a s m e a s ur e d wit h a r oll e d t a p e 

m e a s ur e  or  i n cr e m e nt e d  m e a s uri n g  p ol e  o n c e  t h e y  w er e  t all er  t h a n 

~ 1. 5 m. Tr e e m ai nt e n a n c e pr a cti c e s s u c h a s pr u ni n g, a s w ell a s tr e e si z e 

li mit e d  tr e e  c a n o p y  cir c u mf er e n c e  m e a s ur e m e nt s  t h e  fir st  y e ar.  Aft er 

tr e e s h a d gr o w n e n o u g h t o d e v el o p a c a n o p y str u ct ur e ( o n e y e ar), tr e e 

c a n o p y cir c u mf er e n c e w a s m e a s ur e d at t h e wi d e st p oi nt of t h e c a n o p y. 

Tr u n k di a m et er w a s m e a s ur e d u si n g di git al c ali p er s at 1 0 c m a b o v e t h e 

b u d  u ni o n.  T hi s  l o c ati o n  w a s  m ar k e d,  a n d  m e a s ur e m e nt s  w er e  t a k e n 

c o n si st e ntl y at t hi s s p ot t hr o u g h o ut t h e e x p eri m e nt. T o n or m ali z e d at a 

a n d a c c o u nt f or i niti al diff er e n c e s i n si z e, tr e e r el ati v e gr o wt h r at e ( R G R, 

µ m  m 2 d a y − 1 )  w a s  c al c ul at e d  fr o m  t h e s e  m e a s ur e m e nt s  u si n g  t h e 

f oll o wi n g c al c ul ati o n: 

R G R =

(
l n(t2 )  − l n(t1 )

d a ys

)

∗ 1 0 0 0 ( 3)  

w h er e: t 1 = ti m e 1 t 2 = ti m e 2 l n = n at ur al l o g 

T hi s c al c ul ati o n d et er mi n e d t h e r at e of gr o wt h of tr e e s wit hi n e a c h 

tr e at m e nt f or h ei g ht, tr e e tr u n k cir c u mf er e n c e, a n d c a n o p y cir c u mf er -

e n c e  p ar a m et er s,  t h e n  a v er a g e s  w er e  u s e d  t o  d et er mi n e  t h e  a v er a g e 

r el ati v e gr o wt h r at e. 

S oil s a m pl e s w er e t a k e n f or a n al y si s i n t h e l a st y e ar of t h e e x p eri m e nt 

( 2 0 1 9) t o e v al u at e mi n er al n utri e nt c o nt e nt a n d s oil c ar b o n. F or e a c h 

tr e at m e nt, s oil s a m pl e s w er e t a k e n fr o m t h e u p p er 1 5 c m of s oil at t hr e e 

l o c ati o n s al o n g t h e r o w, a p pr o xi m at el y 4 5– 5 0 c m fr o m t h e tr e e tr u n k s. 

At e a c h l o c ati o n, s a m pl e s w er e c oll e ct e d fr o m t hr e e h ol e s a n d mi x e d f or 

a m or e r e pr e s e nt ati v e s a m pl e f or t e sti n g. S oil s a m pl e s w er e s e nt t o t h e 

T e x a s A & M U ni v er sit y W at er a n d S oil T e sti n g L a b or at or y ( C oll e g e St a -

ti o n, T e x a s) f or a n al y si s. I n a d diti o n t o t h e s oil s a m pl e s, r o ot s a m pl e s 

w er e  al s o  c oll e ct e d  f or  a n al y si s.  A  s oil  c or er  w a s  u s e d  t o  s a m pl e 

a p pr o xi m at el y 4 5 c m fr o m t h e tr u n k w hi c h c orr e s p o n d e d t o t h e dri pli n e 

of t h e tr e e c a n o p y. R o ot s a m pl e s w er e c oll e ct e d at 0 – 1 5 c m a n d t h e n 

a g ai n fr o m 1 6 – 4 5 c m d e pt h s. S oil c or e s w er e st or e d i n pl a sti c b a g s a n d 

k e pt i n a c o ol er f or tr a n s p ort b a c k t o t h e l a b. R o ot s a m pl e s w er e t h e n 

st or e d  at  4 ◦ C  u ntil  all  c o ul d  b e  pr o c e s s e d.  R o ot s  w er e  w a s h e d  a n d 

a n al y z e d u si n g t e c h ni q u e s d e s cri b e d b y Si m p s o n et al. ( 2 0 2 0) . Bri e fi y, 

r o ot s w er e w a s h e d u si n g m e s h s cr e e n s, t h e n a n al y z e d u si n g a Wi n R hi -

z o Pr o  r o ot  s c a n n er  a n d  s oft w ar e  ( R e g e nt  I n str u m e nt s  I n c.,  Q u é b e c, 

C a n a d a). 

2. 4.  Yi el d a n d fr uit q u alit y m e as ur e m e nts 

I n  M a y  2 0 1 8,  e sti m at e d  yi el d  w a s  m e a s ur e d  a n d  c al c ul at e d  t o 

d et er mi n e fr uit di stri b uti o n a m o n g st tr e at m e nt s. T hi s w a s p erf or m e d b y 

c o u nti n g t h e n u m b er of fr uit wit hi n a 0. 2 7 m 2 g ui d e o n 8 tr e e s wit hi n 

e a c h  tr e at m e nt.  T h e s e  g ui d e s  w er e  pl a c e d  r a n d o ml y  wit hi n  tr e e  c a n -

o pi e s,  fr uit  w er e  c o u nt e d,  a n d  r e c or d e d.  I n  M ar c h  2 0 1 9,  fr uit  w er e 

h ar v e st e d t o d et er mi n e pr eli mi n ar y a v er a g e yi el d. T hi s w a s c o n si d er e d a 

pr eli mi n ar y,  l at e- s e a s o n  h ar v e st  b e c a u s e  t h e  flr st  h ar v e st  fr o m  y o u n g 

citr u s  tr e e s  d o e s  n ot  al w a y s  d et er mi n e  f ut ur e  yi el d  or  fr uit  q u alit y. 

H o w e v er, yi el d c o ul d n ot b e c oll e ct e d fr o m s u b s e q u e nt y e ar s b e c a u s e 

t h e pr o d u c er s ol d t h e l a n d a n d a c c e s s t o t h e tr e e s w a s n ot all o w e d. Tr e e s 

w er e h ar v e st e d b y r e m o vi n g fr uit a n d pl a ci n g t h e m i n bi n s d e si g n at e d 

f or e a c h tr e at m e nt. Bi n s w er e c o u nt e d, w ei g h e d, a n d t h e t ot al yi el d w a s 

t h e n e sti m at e d. O v er all yi el d s wit hi n e a c h tr e at m e nt w er e d et er mi n e d 

b e c a u s e i n di vi d u al r o w s a n d tr e e s c o ul d n ot b e s e p ar at e d f or a n al y si s 

d u e t o t e c h n ol o g y a n d h ar v e st cr e w li mit ati o n s. 

J M P  Pr o  1 4. 0. 0  s oft w ar e  ( S A S  I n stit ut e,  C ar y,  N C)  w a s  u s e d  t o 

d et er mi n e  st ati sti c al  diff er e n c e s  b et w e e n  tr e at m e nt s.  F ull  f a ct ori al 

a n al y si s w er e c o n d u ct e d w h e n a p pr o pri at e t o d et er mi n e si g ni fl c a n c e t o 

P ≤ 0. 0 5 i n a c o m pl et el y r a n d o mi z e d d e si g n. A T u k e y ’s t e st w a s u s e d t o 

s e p ar at e  m e a n s  w h e n  si g ni fl c a nt  diff er e n c e s  at P ≤ 0. 0 5  w er e  f o u n d 

b et w e e n tr e at m e nt s, a n d t h e s e diff er e n c e s w er e r e pr e s e nt e d b y diff er e nt 

l ett er s. 

3.  R e s ult s 

Tr e e s  i n  all  e x p eri m e nt al  tr e at m e nt s  si g ni fi c a ntl y  gr e w  o v er  t h e 

c o ur s e  of  t h e  t hr e e- y e ar  st u d y  ( Fi g.  2 ).  Tr e e  h ei g ht  w a s  si g ni fl c a ntl y 

aff e ct e d  b y  gr o v e  fi o or  m a n a g e m e nt  pr a cti c e s  ( p = 0. 0 0 0 3, Fi g.  3 A). 

Fi g. 1. Sit e l o c ati o n a n d e x p eri m e nt al s et u p at S o ut h m o st F ar m s i n Mi s si o n, T X, U S A.  
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Tr e e s gr o w n i n F C w er e t all e st at t h e e n d of t h e t hr e e- y e ar st u d y, f ol -

l o w e d b y t h e R C, R N C, a n d F N C tr e at m e nt s (Fi g. 3 A). Tr u n k di a m et er 

al s o  f oll o w e d  si mil ar  p att er n s  w h er e  F C  tr e at m e nt s  h a d  l ar g er  tr u n k 

di a m et er s, f oll o w e d b y R N C, R C, a n d F N C ( p = 0. 0 0 0 1, Fi g. 3 B). C a n o p y 

cir c u mf er e n c e  o nl y  s h o w e d  si g ni fl c a ntl y  l ar g er  c a n o pi e s  i n  F C  tr e at -

m e nt s w hil e all ot h er tr e at m e nt s di d n ot si g ni fi c a ntl y v ar y ( p = 0. 0 0 0 1; 

Fi g. 3 C). N e g ati v e gr o wt h m e a s ur e m e nt s i n di c at e ti m e s w h e n tr e e s w er e 

tri m m e d. 

T hr o u g h o ut t h e e x p eri m e nt, gr o wt h p ar a m et er s fi u ct u at e d i n e a c h 

tr e at m e nt. H o w e v er, t h e diff er e n c e s b et w e e n tr e at m e nt s w er e r e d u c e d 

a s tr e e gr o wt h pr o gr e s s e d a n d t h e r at e of gr o wt h. I niti all y, t h e fl at b e d 

tr e at m e nt s wit h c o v er s gr e w f a st er w hi c h r e s ult e d i n l ar g er tr e e s m or e 

q ui c kl y t h a n ot h er tr e at m e nt s. T o w ar d s t h e e n d of t h e e x p eri m e nt, ot h er 

tr e at m e nt s  s h o w e d  i n cr e a s e d  gr o wt h  r at e s  a n d  s o o n  h a d  a  si mil ar 

h ei g ht.  O v er  t h e  e ntir e  st u d y  p eri o d  ( A u g  2 0 1 6- 2 0 1 9),  tr e e  h ei g ht 

r el ati v e  gr o wt h  r at e  s h o w e d  n o  st ati sti c al  diff er e n c e s  b et w e e n 

Fi g. 2. E x p eri m e nt al sit e s et u p, ( A) s o o n aft er pl a nti n g ( 2 0 1 6) a n d ( B) aft er t hr e e y e ar s of gr o wt h ( 2 0 1 9).  

Fi g. 3. V e g et ati v e gr o wt h p ar a m et er s r e c or d e d f or tr e e s d uri n g t h e e x p eri m e nt al p eri o d. ( A) Tr e e h ei g ht, ( B) tr e e tr u n k di a m et er, a n d ( C) c a n o p y cir c u mf er e n c e. 

R ai s e d b e d n o c o v er ( R N C), R ai s e d b e d wit h c o v er ( R C), Fl at b e d n o c o v er ( F N C), Fl at b e d wit h c o v er ( F C). B ar s s h o w ± 1 st a n d ar d err or of t h e m e a n. 

Fi g.  4. A v er a g e  r el ati v e  gr o wt h  r at e  of  diff er e nt  tr e e  m e a s ur e m e nt s,  ( A)  Tr e e  h ei g ht  r el ati v e  gr o wt h  r at e,  ( B)  tr u n k  di a m et er  r el ati v e  gr o wt h  r at e,  ( C)  c a n o p y 

cir c u mf er e n c e r el ati v e gr o wt h r at e. Si g ni fl c a nt diff er e n c e b et w e e n tr e at m e nt s i s s h o w n a s diff er e nt l o w er c a s e l ett er s. B ar s s h o w ± 1 st a n d ar d err or of t h e m e a n. 
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tr e at m e nt s  (p = 0. 3 2 1; Fi g.  4 A).  Alt er n ati v el y,  si g ni fl c a nt  diff er e n c e s 

b et w e e n tr e at m e nt s w er e s e e n f or tr u n k di a m et er r el ati v e gr o wt h r at e ( p 

= 0. 0 0 9; Fi g. 4 B) b y 2 0 1 9 w h e n t h e st u d y e n d e d. T h e F C tr e at m e nt h a d 

t h e s m all e st tr u n k di a m et er r el ati v e gr o wt h r at e a n d t h e R N C h a d t h e 

gr e at e st tr u n k di a m et er r el ati v e gr o wt h r at e. T hi s p att er n w a s al s o s e e n 

i n  c a n o p y  cir c u mf er e n c e  r el ati v e  gr o wt h  r at e  w h er e  tr e e s  i n  t h e  F C 

tr e at m e nt h a d t h e s m all e st c a n o p y r el ati v e gr o wt h r at e c o m p ar e d t o all 

ot h er tr e at m e nt s ( p = 0. 0 0 1; Fi g. 4 C). 

A s e x p e ct e d, s oil m oi st ur e fi u ct u at e d b y s e a s o n a n d y e ar. It s h o ul d b e 

n ot e d t h at t hi s sit e e x p eri e n c e d t hr e e a b n or m all y h e a v y r ai n e v e nt s t h at 

c a u s e d h e a v y fi o o di n g i n 2 0 1 5, 2 0 1 7 a n d 2 0 1 8. O ut si d e of t h e s e e v e nt s 

a n d n or m al r ai nf all, irri g ati o n w a s u s e d t o s u p pl e m e nt w at er d e m a n d s 

a n d  w a s  a p pli e d  aft er  pr o d u c er  a s s e s s m e nt  a n d  t o  m e et  pl a nt  n e e d s. 

M oi st ur e  i n  t h e  u p p er  1 5  c m  of  t h e  s oil  pr o fll e  fl u ct u at e d  m or e 

dr a m ati c all y  t hr o u g h o ut  t h e  e x p eri m e nt  ( Fi g.  5 A).  At  1 5  c m,  s oil 

m oi st ur e v ari e d si g ni fl c a ntl y a m o n g st tr e at m e nt s, wit h t h e R C tr e at m e nt 

h a vi n g t h e hi g h e st s oil w at er p ot e nti al v al u e s at 1 5 c m, f oll o w e d b y F N C, 

R N C, a n d F C ( p = 0. 0 0 0 1). At t h e 4 5 c m d e pt h, t h e R N C h a d hi g h er s oil 

t e n si o n, f oll o w e d b y t h e R C, F C, a n d F N C (p = 0. 0 0 0 1; Fi g. 5 B). T hi s 

s h o w s t h at m or e m oi st ur e w a s r et ai n e d i n t h e fi at b e d tr e at m e nt s at 4 5 

c m. 

At t h e e n d of t h e e x p eri m e nt, s oil n utriti o n al a n al y si s w a s e x a mi n e d 

t o c o m p ar e tr e at m e nt s a n d h o w t h e y m a y h a v e i n fl u e n c e d s oil pr o p er -

ti e s  a n d  r o ot  d e v el o p m e nt.  O v er all,  t h er e  w er e  mi n or  diff er e n c e s  i n 

mi n er al  n utri e nt s  b et w e e n  tr e at m e nt s  t h at  w er e  li k el y  e x pl ai n e d  b y 

s p ati al v ari a bilit y r at h er t h a n tr e at m e nt eff e ct s. H o w e v er, s oil el e ctri c al 

c o n d u cti vit y  ( E C),  s o di u m  ( N a),  a n d  or g a ni c  c ar b o n  ( C)  w er e  si g ni fi -

c a ntl y  i m p a ct e d  b y  t h e  diff er e nt  tr e at m e nt s.  T h e  tr a diti o n al  pl a nti n g 

m et h o d s  ( F N C)  s h o w e d  hi g h er  E C  a n d  N a  v al u e s  c o m p ar e d  t o  ot h er 

tr e at m e nt s (T a bl e 1 ). 

S ur pri si n gl y,  r o ot s  w er e  n ot  si g ni fl c a ntl y  aff e ct e d  b y  gr o v e  fi o or 

m a n a g e m e nt  tr e at m e nt s  wit hi n  t h e  ti m efr a m e  of  t hi s  e x p eri m e nt 

(T a bl e 2 ). H o w e v er, a tr e n d of gr e at er r o ot fr e s h w ei g ht w a s s e e n i n t h e 

R N C  tr e at m e nt s.  F urt h er m or e,  t h e  l o w e st  v al u e s  f or  r o ot  p ar a m et er s 

w er e s e e n i n t h e F N C (tr a diti o n al) m a n a g e m e nt tr e at m e nt. 

A n  a v er a g e  a m o u nt  of  1 0 4  m 3 of  w at e r  w a s  a p pli e d  t o  t h e  F N C 

tr e at m e nt,  1 0 1  m3 a p pli e d  t o  F C,  1 2 0  m 3 a p pli e d  t o  R C,  a n d  1 3 4 

m 3 a p pli e d  t o  R N C  tr e at m e nt s  ( T a bl e  3 ).  W at er  s a vi n g s  v ari e d 

t hr o u g h o ut t h e e x p eri m e nt a n d w a s hi g hl y d e p e n d e nt u p o n w e at h er a n d 

r ai nf all e x p eri e n c e d e a c h y e ar ( T a bl e s 3 – 5 ). Ulti m at el y, t h e w at er u s e 

tr a n sl at e d  t o  a n  e sti m at e d  2. 2 %  w at er  s a vi n g s  i n  F C  tr e at m e nt s 

c o m p ar e d t o tr a diti o n al F N C tr e at m e nt s. F urt h er m or e, t h e i n cr e a s e i n 

w at er s a vi n g s fr o m 2 0 1 6 v s. 2 0 1 9 ill u str at e d t h at w e at h er a n d e st a b -

li s h m e nt p eri o d i n fl u e n c e d w at er s a vi n g s. T hi s i n di c at e s t h at a n e st a b-

li s h m e nt  p eri o d  m a y  b e  r e q uir e d  t o  r e ali z e  t h e  f ull  b e n e flt s  of  w at er 

s a vi n g s. S u p p orti n g t hi s i s t h e f a ct t h at m or e w at er w a s a p pli e d i n 2 0 1 6 

a n d  2 0 1 7,  w h e n  tr e e s  w er e  s m all er  a n d  y o u n g er  a n d  r e q uir e d  m or e 

w at er. T h e h ott e st m o nt h s, M ar c h – A u g u st al s o r e q uir e d gr e at er a m o u nt s 

of irri g ati o n d u e t o hi g h t e m p er at ur e s a n d hi g h e v a p or ati v e d e m a n d s 

(T a bl e 5 ). 

T h er e  w er e  n o  si g ni fl c a nt  diff er e n c e s  b et w e e n  tr e at m e nt s  wit h 

r e g ar d s t o e sti m at e d fr uit p er tr e e ( Fi g. 6 ). H o w e v er, F C tr e at m e nt s h a d 

hi g h er n u m b er s of o b s er v e d fr uit, f oll o w e d b y t h e F N C, R N C, a n d R C. 

W at er u s e ef fl ci e n c y w a s gr e at e st i n t h e F C tr e at m e nt, f oll o w e d b y t h e 

F N C, R N C, a n d R C tr e at m e nt s ( T a bl e 6 ). T h e s e tr e n d s w er e c o n si st e nt 

w h e n tr a n sl at e d t o h ar v e st e d yi el d ( T a bl e 6 ). N o st ati sti c al diff er e n c e s 

w er e c al c ul at e d d u e t o h ar v e sti n g l o gi sti c s, b ut, F C tr e at m e nt s yi el d e d 

a p pr o xi m at el y 3 0 % m or e fr uit t h a n t h e tr a diti o n al F N C tr e at m e nt. 

4.  Di s c u s si o n 

Y o u n g  citr u s  tr e e s  r e q uir e  i nt e n si v e  irri g ati o n  a n d  gr o v e  m a n a g e -

m e nt t o  e n s ur e pr o p er  d e v el o p m e nt,  s ur vi v al, a n d  e v e nt u al yi el d s. I n 

t hi s st u d y, c ert ai n gr o v e fl o or m a n a g e m e nt str at e gi e s h a v e p ot e nti al t o 

i m pr o v e w at er u s e ef fi ci e n c y a s w ell a s gr o wt h i n y o u n g or a n g e tr e e s. 

H o w e v er, m a n a g e m e nt t e c h ni q u e s t h at i n cr e a s e s oil w at er i n flltr ati o n 

a n d dr ai n a g e m a y t a k e m or e ti m e t o s h o w b e n e flt s. O v er all pl a nt h ei g ht 

w a s gr e at er i n F C i n t hi s e x p eri m e nt, w hi c h c o n fii ct e d wit h r e s ult s fr o m 

a si mil ar e x p eri m e nt c o n d u ct e d b y Si m p s o n et al. ( 2 0 1 9) w hi c h f o u n d 

t h at  t h e  gr e at er  tr e e  h ei g ht  o c c urr e d  i n  tr e e s  wit h  R C.  B e c a u s e  t h e 

c o m p ar ati v e st u d y t o o k pl a c e o v er a l o n g er p eri o d of ti m e, o n gr a p efr uit 

tr e e s,  a n d  i n  a  diff er e nt  l o c ati o n,  t hi s  c o ul d  a c c o u nt  f or  m a n y  of  t h e 

diff er e n c e s. H o w e v er, it s h o ul d al s o b e st at e d t h at t h e tr e e s pl a nt e d i n 

t h e R C a n d R N C tr e at m e nt s w er e pl a nt e d t hr e e t o f o ur m o nt h s aft er t h e 

F C  a n d  F N C  tr e e s  d u e  t o  s e e dli n g  a v ail a bilit y  i s s u e s.  T hi s  m a y  h a v e 

f urt h er  d el a y e d  gr o wt h  a n d  e st a bli s h m e nt,  p utti n g  t h e m  b e hi n d  t h e 

ot h er tr e at m e nt s i n yi el d. F urt h er m or e, gr o wt h r at e c o ul d h a v e i n fi u -

e n c e d t h e s e fi n di n g s a s gr o wt h r at e w a s sl o w er i n t h e F C b y t h e e n d of 

t h e st u d y, m o st li k el y d u e t o t h e sl o w er gr o wt h of tr e e s a s t h e y r e a c h t h e 

r e pr o d u cti v e p h a s e ( B o n d, 2 0 0 0 ; J o h n s o n et al., 2 0 1 1 ). T hi s t h e or y i s 

f urt h er s u p p ort e d b y t h e l ar g er tr u n k di a m et er of tr e e s i n F C tr e at m e nt s 

a n d t h e d e cli n e i n e x p a n si o n r at e s a s t h e tr e e s gr e w l ar g er. Alt er n ati v el y, 

Fi g. 5. S oil m oi st ur e d at a f or e a c h m a n a g e m e nt tr e at m e nt. ( A) S oil m oi st ur e ( k P a) at 1 5 c m a n d ( B) s oil m oi st ur e ( k P a) at 4 5 c m d e pt h s. B ar s s h o w ± 1 st a n d ar d err or 

of t h e m e a n. 
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raised bed grown trees had faster growth rates at the end of the study. 
This may indicate that these trees were allocating more resources to 
vegetative growth and expansion, while the flat bed treatment was 
nearing reproductive maturity and allocating more resources to flow
ering and fruiting. The initial yields seem to support this assumption in 
that the yields of the flat bed treatments were far greater than those of 
the raised bed treatments. 

Environmental factors such as soil moisture have profound effects on 
tree growth and citrus yields (Aguilar-Fenollosa and Jacas, 2013; Kra
jewski and Krajewski, 2011; Pedrero et al., 2012). Changing grove floor 
management strategies has a large effect on moisture retention and 
infiltration because porosity, bulk density, and other factors are often 
affected (Bryla et al., 1997; Kadyampakeni et al., 2014; Pedrero et al., 
2012). The soil moisture in this study was, in general, lower in the raised 
bed treatments deeper in the soil profile while the FNC had significantly 
more moisture in the lower depths. Increased infiltration due to more 
porous soil could have reduced moisture in raised bed treatments, or this 
could be due to the distance of lateral water movement through the bed 
(from initial irrigation application between rows) to reach the sensors 
(Akbar et al., 2017). In the upper 15 cm of soil, greater differences 
occurred in the FC treatments, which also retained more moisture at 
lower depths throughout the year. It is particularly important for greater 
amounts of water to remain in deeper soil depths due to salts in irriga
tion water sources (Boman et al., 2005). Evaporation from the soils 
surface drives water movement upward, which can lead to surface 
salinity in groves (Grattan, 2002; Levy and Syvertsen, 2004). The water 

Table 1 
Soil nutritional analysis measured at the end of the three-year experiment.  

Treatment pH Electrical Conductivity 
(umhos/cm)a 

NO3-N 
(ppm) 

P 
(ppm) 

K 
(ppm) 

Ca 
(ppm) 

Mg 
(ppm) 

S 
(ppm)a 

Na 
(ppm)a 

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Organic 
Carbon (%)a 

Flat þ Cover 8.3 286.5 ab 9.8 53.5 425.6 11933.1 615.8 47.7 b 282.6 b 17.5 23.0 60.0 0.9 a 
Flat No 

cover 
8.4 422.75 a 13.3 56.3 458.3 11534.7 629.4 93.8 b 483.3 a 14.0 25.8 60.3 1.0 a 

Raised þ
Cover 

8.4 185.75 b 5.0 48.1 395.0 11780.1 611.8 38.9 b 220.5 b 19.8 24.3 56.0 0.8 b 

Raised No 
Cover 

8.4 302 ab 2.6 41.2 403.2 12644.7 608.6 52.5 a 281.2 b 14.3 23.8 62.0 0.95 a 

P treatment 0.4 0.027 0.47 0.08 0.34 0.492 0.96 0.0009 0.01 0.33 0.2 0.22 0.031  

a Lowercase letters indicate significant differences between treatments at p ≤ 0.05. Significant p values are italicized. 

Table 2 
Average root parameters for each management practice located at the experimental site.  

Treatment Depth (cm) Fresh weight (g) Area (cm2) Width (cm) Height (cm) Length (cm) Surface area (cm2) Diameter (mm) 

Raised þ Cover 0-45 1.01 346.55 16.39 22.17 165.01 61.39 1.13 
Raised No Cover 0-45 2.00 381.26 17.15 22.78 149.48 55.35 1.10 
Flat þ Cover 0-45 0.31 360.56 16.77 22.19 149.53 51.71 1.03 
Flat No cover 0-45 0.18 344.05 16.09 21.50 119.63 24.91 0.65 
P treatment  0.089 0.389 0.245 0.431 0.719 0.28 0.076  

Table 3 
Average yearly water (m3) applied to each plot for each grove floor treatment. 
Treatments were flat bed no groundcover (FNC, traditional; 1.61 ha), flat bed 
with groundcover (FC; 1.62 ha), raised bed with groundcover (RC; 1.47 ha), and 
raised bed no groundcover (RNC; 1.36 ha).    

FNC FC RC RNC 

Average  104.35 101.15 120.14 134.08 
2016  99.30 103.24 126.56 150.48 
2017  106.08 99.30 112.37 127.91 
2018  82.27 81.41 96.83 106.70 
2019  90.91 89.92 106.45 123.59  

Table 4 
Difference in water savings (%) for different grove floor treatments from 2016 to 
2019 (Equation 1). Treatments were flat bed no groundcover (FNC, traditional), 
flat bed with groundcover (FC), raised bed with groundcover (RC), and raised 
bed no groundcover (RNC). Difference from traditional grove floor management 
treatments is shown in m3. Negative values indicate less water savings (more 
water used) in comparison to the traditional planting method while positive 
values indicate more water savings (less water used) in comparison to the 
traditional planting method.   

FC RC RNC 

Average over all years 2.470 -14.800 -29.600 
2.187 -15.256 -30.733 

Total for all years 44.400 307.140 617.970 
2.187 -15.256 -30.733 

2016 -3.700 -27.140 -50.570  
-3.932 -27.387 -51.531 

2017 6.170 -6.170 -22.200  
6.398 -5.972 -20.665 

2018 1.230 -14.800 -24.670  
0.969 -17.712 -29.703 

2019 1.230 -16.040 32.070  
1.065 -17.051 -35.951  

Table 5 
Quarterly water savings (%) compared to traditional grove floor management. 
Treatments were flat bed no groundcover (traditional, FNC), flat bed with 
groundcover (FC), raised bed with groundcover (RC), and raised bed no 
groundcover (RNC). No water applied is indicated by NWA. Negative values 
indicate less water savings (more water used) in comparison to the traditional 
planting method while positive values indicate more water savings (less water 
used) in comparison to the traditional planting method.  

Year Quarter Traditional FC RC RNC 

2016 Mar-May - -17.298 -32.250 -96.520  
June-Aug - 1.003 -38.843 -71.541  
Sept - Nov - 1.065 -10.674 6.450 

2017 Dec-Feb NWA NWA NWA NWA  
Mar-May - 7.133 -2.615 -18.452  
June- Aug - 6.893 -8.483 -17.403  
Sept - Nov - 2.994 -3.513 -37.590 

2018 Dec-Feb - 0.500 5.762 -1.531  
Mar-May - 1.146 -20.654 -40.374  
June- Aug - 1.146 -29.578 -40.374  
Sept - Nov NWA NWA NWA NWA 

2019 Dec-Feb - 1.003 -7.446 -24.734  
Mar-May - 1.065 -20.877 -40.326  
June- Aug - 1.103 -20.773 -40.348  
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q u alit y of t h e Ri o Gr a n d e fl u ct u at e s t hr o u g h o ut t h e y e ar a n d s alt a c c u -

m ul ati o n c a n b e a m aj or c o n c er n f or gr o w er s ( Mi y a m ot o et al., 1 9 9 5 ). 

W h e n el e ctri c al c o n d u cti vit y w a s e x a mi n e d i n s oil s, fi at b e d tr e at m e nt s 

s h o w e d hi g h er v al u e s t h a n t h e r ai s e d b e d tr e at m e nt s. B ut n o n e of t h e s e 

v al u e s w er e e n o u g h t o n e g ati v el y aff e ct gr o wt h ( M a a s, 1 9 9 3 ; Z e kri a n d 

P ar s o n s, 1 9 9 2 ). T h e m or e c o m p a ct n at ur e of t h e s oil i n fi at b e d tr e at -

m e nt s  m a y  h a v e  c o ntri b ut e d  t o  t h e  sli g ht  a c c u m ul ati o n  of  s alt s 

c o m p ar e d t o r ai s e d b e d tr e at m e nt s. R ai s e d b e d s h a v e b ett er dr ai n a g e 

a n d d o w n w ar d i n flltr ati o n of w at er b e c a u s e of m e c h a ni c all y i n cr e a s e d 

p or o sit y ( F u nt et al., 1 9 9 7 ; Z h a n g et al., 1 9 9 6 , 2 0 1 8 ). F urt h er m or e, t h e 

R C tr e at m e nt h a d sli g htl y l e s s or g a ni c C, w hi c h c o ul d i n di c at e hi g h er 

t e m p er at ur e s a n d p or o sit y i n t hi s tr e at m e nt mi g ht h a v e i n cr e a s e d mi -

cr o bi al a cti vit y l e a di n g t o a gr e at er d e c o m p o siti o n of C ( B ut e n s c h o e n 

et al., 2 0 1 1 ; W a n g et al., 2 0 2 0 ). 

A d e q u at e  irri g ati o n of y o u n g citr u s tr e e s  i s e s s e nti al f or  e st a bli s h -

m e nt a n d d e v el o p m e nt. I n t h e L R G V, citr u s i s t y pi c all y fl o o d irri g at e d 

wit h w at er fr o m t h e Ri o Gr a n d e. H o w e v er, t h e Ri o Gr a n d e fl u ct u at e s i n 

q u alit y  a n d  dr o u g ht s  li mit  w at er  a v ail a bilit y  fr e q u e ntl y  ( Ri b er a  a n d 

M c c or kl e, 2 0 1 3 ). W at er c o n s er v ati o n eff ort s h a v e m a d e s o m e h e a d w a y, 

b ut gr o w er i nfr a str u ct ur e oft e n li mit s t h e u s e of dri p or mi cr oj et irri -

g ati o n m et h o d s ( E n ci s o et al., 2 0 0 5 ; K ni g ht, 2 0 0 9 ; Ri b er a a n d M c C or -

kl e, 2 0 1 3 ). N arr o w f urr o w fi o o d i s a m o di fl e d fi o o d irri g ati o n m et h o d 

t h at h a s s h o w n gr e at er w at er c o n s er v ati o n wit h e q u al or b ett er yi el d s 

(N el s o n et al., 2 0 1 3 ). H o w e v er, t hi s d o e s n ot a d dr e s s ot h er f a ct or s i n 

gr o v e  m a n a g e m e nt.  S oil  m oi st ur e  c a n  b e  r et ai n e d,  w e e d s  c a n  b e 

r e d u c e d,  a n d  s oil  t e m p er at ur e s  c a n  b e  i n cr e a s e d  wit h  t h e  u s e  of 

gr o u n d c o v er s ( Si m p s o n et al., 2 0 1 9 ). Y et pr e vi o u s st u di e s w er e n ot a bl e 

t o a c c ur at el y m e a s ur e a ct u al w at er s a vi n g s. O v er all, a 2. 2 % w at er s a v -

i n g s i n fl at b e d a n d gr o u n d c o v er tr e at m e nt s w a s a c hi e v e d. T hi s tr a n s-

l at e s t o a n a v er a g e s a vi n g s of 2 4 6 8 L of w at er c o m p ar e d t o fi at b e d wit h 

n o c o v er tr e at m e nt s (tr a diti o n al m et h o d s). O v er t h e f o ur y e ar e x p eri -

m e nt, t ot al s a vi n g s e q u al e d a p pr o xi m at el y 4 4, 4 0 3 L of w at er i n t h e F C 

tr e at m e nt.  T h e  y o u n g  tr e e s  u s e d  i n  t hi s  e x p eri m e nt  r e q uir e d  a  l ar g e 

a m o u nt of w at er f or e st a bli s h m e nt d u e t o t h eir s m all si z e at pl a nti n g a n d 

t h e  hi g h  t e m p er at ur e s  e x p eri e n c e d  t h at  y e ar  (T a bl e s  3 – 5 ).  U nf ort u-

n at el y, t h e ot h er tr e at m e nt s di d n ot h a v e t h e s a m e w at er s a vi n g s a s t h e 

F C tr e at m e nt a n d w at er s a vi n g s fl u ct u at e d m or e e a c h y e ar. T hi s v ari -

a bilit y  c o ul d  b e  attri b ut e d  t o  r o ot  s y st e m  si z e,  s oil  c h ar a ct eri sti c s, 

e v a p otr a n s pir ati o n, or a n u m b er of ot h er f a ct or s. H o w e v er, it w o ul d b e 

i nt er e sti n g t o s e e if t h e s e fl n di n g s w o ul d c h a n g e a s tr e e s b e c o m e m or e 

m at ur e a n d r o ot s y st e m s d e v el o p. W at er s a vi n g s a n d W U E ar e r e fl e cti v e 

of  t h e  w at er  a p pli e d  a n d  h o w  ef fl ci e ntl y  t h at  w at er  i s  b ei n g  u s e d  t o 

pr o d u c e fr uit ( G ar cí a- T ej er o et al., 2 0 1 1 ; M el g ar et al., 2 0 0 8 ; R o m er -

o- C o n d e et al., 2 0 1 4 ; S y v ert s e n a n d G ar ci a- S a n c h e z, 2 0 1 4 ). W at er s a v-

i n g s a n d W U E i m pr o v e w h e n tr e e s pr o d u c e m or e fr uit p er u nit of w at er 

a p pli e d a n d w h e n l e s s w at er i s l o st t o e v a p otr a n s pir ati o n. T hi s c o ul d b e 

a c hi e v e d b y r e d u ci n g t h e a m o u nt of w at er a p pli e d t o e a c h tr e at m e nt a n d 

w o ul d  r e d u c e  i n p ut  c o st s,  o pti mi z e  yi el d,  r e d u c e  s oil  er o si o n,  a n d 

c o n s er v e  w at er  r e s o ur c e s  ( G ar cí a- S á n c h e z  et  al.,  2 0 0 7 ; G ar cí a- T ej er o 

et al., 2 0 1 1 ; P a ni gr a hi et al., 2 0 1 7 ; P a ni gr a hi a n d Sri v a st a v a, 2 0 1 7 ). I n 

t hi s  st u d y,  W U E  w a s  gr e at er  i n  tr e e s  gr o w n  i n  t h e  F C  tr e at m e nt s 

(T a bl e 6 ), t hi s ill u str at e s t h at gr o u n d c o v er s c a n i m pr o v e W U E i n y o u n g 

citr u s  e st a bli s h m e nt.  It  s h o ul d  b e  n ot e d  t h at  t h e s e  r e s ult s  will  li k el y 

fl u ct u at e i n c o mi n g y e ar s a s tr e e s m at ur e a n d bl o o m. F urt h er m or e, t h e 

fir st y e ar of yi el d i s n ot c o n si st e nt or pr e di cti v e of f ut ur e yi el d s. A s tr e e s 

m at ur e,  yi el d s  b e c o m e  m or e  st a bl e  a n d  a  gr e at er  v ol u m e  of  fr uit  ar e 

pr o d u c e d. 

5.  C o n cl u si o n 

I n  t hi s  e x p eri m e nt,  c ert ai n  gr o v e  fl o or  m a n a g e m e nt  pr a cti c e s, 

n a m el y  fl at  b e d s  wit h  gr o u n d c o v er s,  d e m o n str at e d  i m pr o v e d  w at er 

s a vi n g s, W U E, tr e e gr o wt h, a n d pr o d u cti o n i n y o u n g tr e e s. D uri n g t h e 

e st a bli s h m e nt p eri o d f or y o u n g citr u s tr e e s, m or e irri g ati o n i s n e e d e d, 

p arti c ul arl y if w e at h er i s h ot a n d dr y. Pl a sti c m e s h gr o u n d c o v er s r e d u c e 

w at er l o s s fr o m e v a p or ati o n a n d i n cr e a s e s oil m oi st ur e b y a cti n g a s a 

b arri er t o e v a p or ati o n. B y r et ai ni n g m oi st ur e i n s oil s, s alt s ar e l e a c h e d 

m or e d e e pl y i n t h e s oil pr o fil e, oft e n b e y o n d t h e a cti v e r o ot r e gi o n. T h e 

F C tr e at m e nt c o nt ai n e d l ar g er tr e e s wit h gr e at er c a n o p y cir c u mf er e n c e s 

a n d hi g h er pr eli mi n ar y yi el d s, w hi c h c a n l ar g el y b e attri b ut e d t o t h e u s e 

of gr o u n d c o v er s. T h e a ct of r ai si n g pl a nti n g b e d s i n cr e a s e d w at er i n fil -

tr ati o n, cr e ati n g a m or e p or o u s s oil str u ct ur e w hi c h, i n t ur n, r et ai n e d 

l e s s w at er wit hi n t h e s oil pr o fil e a n d c o ul d h a v e aff e ct e d tr e e gr o wt h. 

H o w e v er,  tr e e s  gr o wi n g  i n  t h e  r ai s e d  b e d  tr e at m e nt s  w er e  r a pi dl y 

c at c hi n g u p t o ot h er tr e e s i n si z e a n d c a n o p y cir c u mf er e n c e b y t h e e n d of 

t h e e x p eri m e nt. I n t h e tr a diti o n al pl a nti n g tr e at m e nt s ( F N C), tr e e s w er e 

vi s u all y  s m all er  a n d  s oil s  w er e  m or e  c o m p a ct e d  wit h  hi g h er  E C  t h a n 

ot h er  tr e at m e nt s.  O v er  ti m e  it  r e m ai n s  t o  b e  s e e n  if  t hi s  r e s ult s  i n 

n e g ati v e i m p a ct s o n tr e e gr o wt h a n d yi el d s. 

T hi s st u d y s h o w e d p ot e nti al f or i m pr o vi n g w at er s a vi n g s a n d W U E i n 

y o u n g citr u s pr o d u cti o n. F ut ur e st u di e s s h o ul d i n cl u d e m o nit ori n g tr e e s 

i n t h e s e tr e at m e nt s f or yi el d s, gr o wt h, a n d fr uit q u alit y a s w ell a s w at er 

s a vi n g s a n d W U E. R e s e ar c h er s m a y al s o w a nt t o e x pl or e h o w diff er e nt 

s oil s or irri g ati o n pr a cti c e s ar e aff e ct e d b y t h e s e diff er e nt m a n a g e m e nt 

pr a cti c e s. 

C r e dit a ut h o r st at e m e nt 

C S,  M S,  a n d  S N  c o n c ei v e d  t h e  pr oj e ct.  C S  a n d  M S  c arri e d  o ut 

e x p eri m e nt a n d p erf or m e d a n al y s e s. C S wr ot e t h e ori gi n al dr aft m a n u -

s cri pt.  C S  a n d  M S  p erf or m e d  t h e  st ati sti c al  a n al y si s.  C S,  M S,  a n d  S N 

a s si st e d  wit h  st u d y  d e si g n  a n d  e x p eri m e nt s.  All  a ut h or s  r e a d  a n d 

c o ntri b ut e d t o e arli er v er si o n s a n d a p pr o v e d t h e fi n al v er si o n. 

Fi g. 6. Fr uit e sti m at e s c o n d u ct e d e arl y i n t h e 2 0 1 8 h ar v e st s e a s o n. B ar s s h o w 

± 1 st a n d ar d err or of t h e m e a n. 

T a bl e 6 

Yi el d a n d w at er u s e ef fi ci e n c y of y o u n g citr u s i n diff er e nt gr o v e fl o or m a n a g e -

m e nt tr e at m e nt s. W at er a p pli e d w a s c al c ul at e d f or o nl y t h e y e ar pri or t o h ar v e st 

( 2 0 1 8).  

Tr e at m e nt  T ot al Yi el d ( k g)  W at er a p pli e d ( m 3 )  W U E ( k g / m 3 ) 

F N C 2 0 8 6. 5 4 3 1. 7 2 4. 8 3 

R N C 8 3 4. 6 1 5 5 3. 8 3 1. 5 1 

F C 2 9 2 1. 1 4 4 3 1. 7 2 6. 7 7 

R C 4 1 7. 3 1 4 9 7. 0 9 0. 8 4  
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