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Abstract Paradoxically low nitrogen resorption effi-
ciency in the drought-deciduous desert shrub Fouquie-
ria splendens Engelm (ocotillo) triggered tests of the
hypotheses that resorption is often low in this species
and that resorption is influenced by zinc. Resorption
efficiency and proficiency were measured in 1989 and
1994 at two sites in the Chihuahuan Desert in plants
to which zinc, or zinc and nitrogen were added.
Resorption of nitrogen, phosphorus, and zinc in
unfertilized plants varied temporally and spatially,
but was both efficient (66%, 49%, and 40%,
respectively) and proficient (0.55%, 0.09%, and
9.4 μg g−1, respectively) as determined by compar-
ison to worldwide resorption patterns in a wide
variety of other species. Applications of zinc had no
significant effect on the resorption of nitrogen and
phosphorus, but did influence the resorption of zinc.
Resorption of zinc was significantly less efficient in
zinc-treated plants than controls at only one of the
two sites in one of the 2 years, yet resorption of zinc
was significantly less proficient in zinc-treated plants
than controls in both years and at both sites. This
pattern of zinc resorption adds insight into the

continuing debate regarding the relationship between
fertility and resorption because the data used to fuel
the debate have almost exclusively described macro-
nutrients, not trace metals. The high variability in
resorption among individuals, sites, and years ob-
served for F. splendens may well be an attribute of
many desert-dwelling, drought-deciduous plants.
When senescence is controlled primarily by water
availability rather than photoperiod, especially in a
landscape characterized by unpredictable amounts
and timing of precipitation, high variability in
associated processes such as resorption may be
inevitable.
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Introduction

Resorption of nutrients from senescing plant tissues
occurs throughout the plant kingdom (Chapin and
Kedrowski 1983; Aerts 1996; Killingbeck et al.
2002), varies markedly in both efficiency (Aerts
1996; the content of an element in senesced leaves
expressed as a percentage of the content in mature
green leaves) and proficiency (Killingbeck 1996; the
content of an element in senesced leaves), and
increases plant fitness (May and Killingbeck 1992).
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Its action as a conservation strategy impacts the
nutrient budgets of macronutrients such as nitrogen
(N) and phosphorus (P), but also acts to conserve
trace metals (Killingbeck 1985; Killingbeck 2004).
The possibility that macronutrients and trace metals
interact to significantly influence the resorption of one
or the other has yet to be experimentally addressed.

In 1986, the C3 drought-deciduous desert shrub
Fouquieria splendens Engelm. (ocotillo) was the
focus of a study in the Chihuahuan Desert initiated
to determine the maximum levels to which N could be
resorbed (Killingbeck 1992). This combination of
species and site was chosen because F. splendens
grows on extremely N-poor soils, and can utilize large
amounts of N as multiple cohorts of leaves can be
formed and lost in a single growing season (Cannon
1905; Scott 1932). The hypothesis explored was that
potentially high use and low availability would
coincide to select for a high degree of internal N
conservation.

Mean resorption efficiency of N was not signifi-
cantly different from zero in 1986, but what was
equally paradoxical was that N resorption was highly
related to the amount of zinc (Zn) in leaves of F.
splendens (R2=0.60–0.65; Killingbeck 1992). The
tentative explanation for this latter link was that Zn
was an essential co-factor for enzymes that are
necessary to break down proteins and peptide chains
into the amino acids that are the carriers of N out of
leaves during resorption. In addition to being critical
to a wide variety of metabolic functions in plants
(Broadley et al. 2007), Zn is known to be a key
component of metallo-endopeptidases that appear to
be linked to the breakdown of chloroplast proteins
(Feller 2004), a major source of foliar protein
(Peoples and Dalling 1988; Jones 2004). For exam-
ple, approximately 90% of N resorbed from Oryza
sativa leaves was derived from chloroplasts (Morita
1980). Perhaps, then, low N resorption efficiency was
the result of insufficient amounts of foliar Zn, a
possibility that has widespread implications.

These counterintuitive results gave rise to manip-
ulative fertilization experiments in two populations of
F. splendens growing in disjunct sites in the Chihua-
huan Desert. The primary hypotheses addressed were
that (1) resorption of N, P, and Zn in F. splendens is
significantly lower than averages worldwide, for a
range of years and sites, and (2) resorption efficiency
and proficiency of N, P, and Zn are enhanced by

intensive short-term (1 year) or extensive long-term
(5 years) fertilization with Zn. These experiments also
provided the opportunity to explore the widely
debated issue of whether fertility influences resorp-
tion, but with a trace metal rather than one of the
customary macronutrients.

Materials and methods

Site and plant descriptions

The two populations of F. splendens studied were
located approximately 27 km from one another in the
northern reaches of the Chihuahuan Desert in southern
New Mexico, USA. The first was in the foothills of the
Organ Mountains 11 km east of Las Cruces, NM on a
rocky south-facing slope (32°19′N, 106°38′W). The
second was in the Jornada Basin Long-Term Ecolog-
ical Research Site/Chihuahuan Desert Rangeland Re-
search Center 20 km north of Las Cruces on a rocky
east-facing slope of Mt. Summerford (32°30′N, 106°
48′W). Mean annual temperature and precipitation
were approximately 15°C and 200–250 mm, respec-
tively (West and Klemmedson 1978) and soils were
Aridisols (Morain 1981). The F. splendens plants
studied each had 15–100 stems longer than 1 m. The
longest stem on any plant in 1989 was 335 cm.

Organ mountains fertilization and leaf collections

In May 1989, 12 mature, leafless F. splendens plants
were chosen for study, eight of which were the subject
of a previous study indicating a possible link between
foliar Zn and resorption of N (Killingbeck 1992). One
plant from each pair of plants having similar numbers
of stems was randomly chosen as a control (n=6), the
other became a Zn-fertilized treatment (n=6).

Because F. splendens has the ability to take up
liquids through its stems (Lloyd 1905), Zn was
delivered to stems of Zn-treatment plants as an
aqueous solution, and to roots as solid zinc sulfate.
During the initial application of aqueous fertilizer on
24 May 1989, 37 ml of the ZnSO4 solution were
sprayed onto the terminal 60 cm of every stem longer
than 1 m. This concentration of Zn was chosen
because it matched exactly the maximum recommen-
ded application rate of Zn in a commercial liquid
fertilizer containing both N and Zn that was used in
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another phase of this research (see Jornada fertiliza-
tion and leaf collections later in the Methods). The
concentration (6.25 g ZnSO4 in 3,785 ml distilled
water) and amount (37 ml) of ZnSO4 solution
remained constant for all Zn-fertilized treatments in
this study, as did the location of application (terminal
30–60 cm of stems) and the amount and application
of solid Zn fertilizer (8.72 g of ZnSO4 applied evenly
in a 2-m diameter plot centered on each treatment
plant).

Subsequent applications of aqueous Zn were
applied once per week from 30 May–27 July 1989
to each of 12 marked stems on each plant. Liquid
fertilizer was not applied after stems produced leaves,
nor was it applied after 1989 in any part of this study.
To control for the water added during the spraying of
fertilized treatment plants, 37 ml of distilled water
were sprayed onto the terminal 60 cm of every stem
>1 m on all controls.

Solid fertilizer was applied once per month from
24 May to 16 August 1989, and then again on 11 July
1990, 12 June 1993, and 26 August 1994. The
application rate (1.0 g Zn m−2) was the approximate
mid-point of the rate recommended for crop plants
(0.2–2.2 g m−2; Murphy and Walsh 1972).

In 1989, unsenesced green leaves were collected
on 8–9 August from three previously selected stems
on each plant that had received either Zn or water.
Because the application of liquids to stems ceased
before the emergence of leaves, uptake of Zn or water
would have occurred only through stems. Senesced
leaves were collected on 29 October from three
previously selected stems from which leaves had not
already been collected, but that had received either Zn
or water. Leaves were collected from 5-mm mesh
nylon fruit bags that encased the terminal 45 cm of
each stem, as was the case throughout the study.

In 1994, unsenesced green leaves were collected
on 25 August from three stems at 120° intervals
around the canopy of each of the 12 plants. Senesced
leaves were collected on 17 October from the three
stems per plant that were closest to the stems from
which green leaves were collected in August.

Jornada fertilization and leaf collections

In May 1989, 18 mature, leafless F. splendens plants
were chosen for study and divided into six groups.
One plant from each group was randomly chosen to

become 1) a water-sprayed control (n=6), 2) a Zn-
fertilized treatment (n=6), or 3) a fertilized treatment
that received both Zn and N (Zn + N treatments, n=
6). Nitrogen was part of this last treatment because
adding N to Zn fertilizers is known to increase the
amount of Zn taken up by commercial pecan trees
(Smith and Storey 1979; Esteban Herrera personal
communication).

As at the Organ Mountains site, Zn was delivered
as liquid and solid ZnSO4 to the Zn-treated plants.
During the initial application of fertilizer on 22 May
1989, the ZnSO4 solution was sprayed onto every
stem >1 m. Subsequent applications of liquid Zn were
applied once per week from 30 May–19 July 1989 to
16 marked stems on each plant.

Controls received distilled water sprayed onto
every stem >1 m. Subsequent applications of water
were applied once per week from 30 May–19 July
1989 to each of 16 marked stems on each control.

The fertilizer applied to the Zn + N treatment plants
was a solution of commercially available Nitro-Zinc
(Agricultural Products Co., Inc; 15% N, 5% Zn) mixed
at the maximum recommended concentration (38 ml
Nitro-Zinc in 3450 ml distilled water). Procedures for
applying this solution to the Zn + N-treatments were
identical to that for the Jornada Zn-treatments, and the
Zn concentration in this solution was identical to that in
the Zn-treatment aqueous spray.

Solid fertilizers were applied once per month from
20 May–25 August 1989, and then again on 11 July
1990, 10 June 1993, and 30 August 1994. The Zn +
N-treated plants received an additional 92.35 g of
ammonium nitrate (NH4NO3), an application rate
(9.8 g N m−2) similar to that used in other resorption
studies (e.g., 8.3 g N m−2; Chapin and Moilanen
1991).

In 1989, unsenesced green leaves were collected on
25 July from three previously selected stems on each of
the control, Zn-treated, and Zn + N-treated plants.
Senesced leaves were collected from these same plants
on 6–10 November from three previously selected
stems from which leaves had not already been
collected, but that had received water, Zn, or Zn + N.

In 1994, unsenesced green leaves were collected
on 29 August from each of the controls, Zn-treated,
and Zn + N-treated plants. Senesced leaves were
collected on 3–15 October from the three stems per
plant that were closest to the stems from which green
leaves were collected in August.
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Jornada leaf-treated plants

To see the effects of adding ZnSO4 directly to leaves
as opposed to adding Zn to unfoliated stems, green
leaves were collected from three fully foliated stems
on each of five plants at the Jornada site on 23 July
1989. Later that day, nine additional stems per plant
were sprayed with either water (three stems), ZnSO4

solution (three stems), or Nitro-Zinc solution (three
stems; n=5 per treatment). The same spray regimen
was repeated on 1 and 8 August. Senesced leaves
were collected on 7–10 November. Solid fertilizers
were not applied to these plants.

Laboratory analyses

For all foliage, leaf surface area was measured with a
LI-COR Model 3100 area meter. Leaves were oven-
dried at 60 °C to constant mass, weighed, and ground
in a Wiley mill. Nutrient analyses were performed at
the University of Rhode Island or at the New Mexico
State University Soil, Plant, and Water Testing Labo-
ratory. Total N was extracted from leaves with a
Kjeldahl N digestion or with a sulfuric acid-hydrogen
peroxide wet ashing technique (Thomas et al. 1967)
and measured with a Technicon AutoAnalyzer.
Phosphorus was extracted with the same wet ashing
technique or with perchloric acid (Williams 1984) and
measured with a Technicon AutoAnalyzer or a Perkin
Elmer inductively coupled plasma spectrophotometer.
Zinc was extracted with perchloric acid, as above, or
with a microwave digestion technique (Jones et al.
1991) and measured with a Varian atomic absorption
spectrophotometer or a Perkin Elmer inductively
coupled plasma spectrophotometer.

Calculations of resorption efficiency and proficiency

Resorption efficiency, the percentage of a nutrient
withdrawn from green leaves as the leaves senesce,
was calculated as the difference in the content
(nutrient mass per unit leaf surface area) of a nutrient
between green and senesced leaves, divided by the
content in green leaves, the quantity multiplied by
100. Resorption proficiency, the level to which a
nutrient is reduced in senesced leaves (Killingbeck
1996), was calculated as the concentration of a
nutrient in fully senesced leaves expressed on a mass
basis [% (=g 100 g−1) for N and P; μg g−1 for Zn].

Because leaching by rainfall does not account for a
significant amount of the reductions of N, P, and Zn
in senescing leaves of F. splendens (Killingbeck 1992;
Killingbeck unpublished data), or for significant
reductions in the senescing leaves of other species
(e.g., Ryan and Bormann 1982; Killingbeck et al.
1990), the measured differences between green and
senesced leaves were reductions due to resorption.

Statistical analyses

Statistical analyses were performed with SAS JMP
Version 5 software (SAS Institute Inc. 2002). Resorp-
tion efficiencies, which are proportional percentages,
were arcsine transformed before analysis. Normality
of distribution was determined with the Shapiro-Wilk
W Test. For comparisons of pairs of means, Student’s
t test was used for data that were normally distributed,
and the Wilcoxon Test was used for data that were not
normally distributed. For simultaneous comparisons
of more than two means, ANOVA was used through-
out, even when multiple means were not normally
distributed because ANOVA is “quite robust to non-
normality” (Underwood 1997). ANOVA analyses
were followed by the Tukey-Kramer HSD multiple
means comparison. Entire plants, not individual
stems, were used as replicates in all statistical
analyses. Green-leaf N and P concentrations for one
sample (Organ Mountains plant number 6 in 1994)
were extreme outliers and were winsorized (Sokal and
Rohlf 1981) to prevent spurious results. Linear
regressions comparing resorption of Zn to green-leaf
Zn were run with log10-transformed data for both
resorption efficiency and proficiency. Because the
assumption of independence of variables cannot be
met for regressions examining resorption efficiency
(green-leaf Zn itself is used in the calculation of
efficiency), statistical significance was determined by
comparing the slopes of the regression lines to a slope
of 1.0 (see Kobe et al. 2005).

Results

Resorption patterns in the absence of fertilization

Resorption in unfertilized controls was typically both
efficient and proficient compared to plants worldwide,
and varied among sites and years (Fig. 1). Mean N, P,
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and Zn resorption efficiency was 66, 49, and 40%,
respectively, across years and sites. Mean resorption
proficiency of these same elements was 0.55%, 0.09%,
and 9.4 μg g−1, respectively. Nitrogen resorption
proficiency differed between sites in 1994, and
between years at both sites, but mean N resorption
efficiency remained almost unchanged throughout the
study (Fig. 1). Phosphorus resorption efficiency and
proficiency differed between sites in 1989 and differed
markedly among individuals at the Jornada site in
1989. Zinc resorption was more than twice as
proficient in 1989 as in 1994 at the Jornada site, but
high variance precluded the statistical significance of
an apparent trend in efficiency between sites.

Effects of leafless-stem fertilization

Fertilization of leafless stems with Zn or a combina-
tion of Zn and N had no significant effect on N and P
resorption efficiency and proficiency. Fertilization
did, however, have a significant impact on Zn
resorption in 1989 at both the Organ Mountains
(Fig. 2) and Jornada (Fig. 3) sites. Zinc resorption was
less efficient in Zn-treated plants than in controls at
the Organs site, and less proficient in Zn-treated
plants than in controls at both sites. Five years later,
these significant differences no longer existed. Al-
though Zn resorption in the Zn + N-treatments was
significantly less proficient than in controls in 1989 at
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the Jornada site, such was not the case in 1994
(Fig. 3).

Effects of foliated-stem fertilization

As was the case when the application of solid fertilizers
was combined with the application of liquid fertilizers
to leafless stems, the application of liquid fertilizers to
fully foliated stems had no significant impact on N and
P resorption efficiency or proficiency (Fig. 4). How-
ever, Zn resorption was less efficient and proficient in
both Zn-bearing treatments than in controls, and in
Zn + N-treatments than in treatments containing Zn
alone.

Specific leaf mass

Specific mass of F. splendens leaves (SLM; g cm−2)
was significantly higher in senesced than in green
leaves in all combinations of site, year, and treatment
in the leafless stem experiments, with only one
exception (controls, 1994, Organs site; unpublished
data). The same was true for the foliated-stem
experiment, with no exceptions. This is likely due to
a reduction in surface area as the nonrigid, non-
xeromorphic leaves of F. splendens (Lersten and
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Carvey 1974) senesce and dry. Even though resorp-
tion efficiencies were appropriately calculated as
percentage changes in nutrient mass per unit area
(e.g., Woodwell 1974), reductions in surface area
could result in underestimates of resorption efficiency
(van Heerwaarden et al. 2003). However, any such
reductions (a) would have affected almost all treat-
ments equally because SLM differed among treat-
ments in only one combination of site and year (1994,
Jornada site), and (b) would have had no impact on
the measurement of resorption proficiency.

Discussion

Unlike F. splendens at the Organs site in 1986 whose
N resorption efficiencies were not statistically differ-

ent from 0% (Killingbeck 1992), the same plants, and
other unfertilized controls at the Organ Mountains and
Jornada sites, consistently resorbed 60% or more of
the N in their senescing leaves. Phosphorus resorp-
tion, although much more variable than that of N, was
also much more efficient (49%) than in 1986 (31%).
This clearly indicates that resorption of N and P in F.
splendens is not consistently inefficient.

But what about resorption proficiency? Resorption
of N in unfertilized controls was highly proficient in
three of the four combinations of years and sites. In
those three combinations, N was reduced to 0.32–
0.55% in senesced leaves, levels well below the 0.7%
threshold that demarcates the upper limit of what is
considered to be highly proficient resorption of N
(Killingbeck 1996). The most proficient individual at
resorbing N during the study reduced N to 0.24% in
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its senesced leaves, further indicating that F. splen-
dens has the physiological capacity for highly
proficient resorption of this element.

Resorption proficiency was again more variable for
P than for N, but controls at the Organs site reduced P
to 0.02–0.03%, levels well below the 0.05% threshold
that demarcates the upper limit of what is considered
to be highly proficient resorption of P (Killingbeck
1996). The most proficient individual at resorbing P
during the study reduced this element to the extremely
low level of 0.01%. Therefore, resorption of N and P
is neither consistently inefficient nor consistently
unproficient. In fact, mean resorption of N in F.
splendens was considerably more efficient (66%) and
proficient (0.55%) than that in a wide variety of
species worldwide (50%, Aerts 1996 and 0.87%,
Killingbeck 1996, respectively).

Effects of fertilization on N and P resorption

Neither short-term nor long-term applications of
fertilizers containing Zn, or Zn and N had any
positive effect on N and P resorption efficiency or
proficiency. Even when Zn was applied directly to
leaves, N and P resorption was not affected. There-
fore, the hypothesis that N and P resorption is
influenced by fertilization with Zn alone, or Zn and
N, was rejected.

Effects of fertilization on Zn resorption

In contrast to resorption of N and P, the hypothesis
that Zn resorption is influenced by short-term addi-
tions of Zn-bearing fertilizers was accepted. It has
long been known that Zn is mobile enough to be
transported out of leaves during resorption (Mukhjerjee
1969; Killingbeck 1985), but little is known about the
factors that affect this process. At the Organs site in
1989, and in the Jornada foliated-stem experiment,
resorption of Zn became less efficient and less
proficient as Zn was added separately, or in combina-
tion with N. Zinc resorption was also significantly less
proficient in Zn- and Zn + N-treatments than in
controls at the Jornada site in 1989.

Long-term additions of Zn did not impact Zn
resorption. Five years after the applications of Zn
fertilizer began, the initial significant differences
between Zn-bearing treatments and controls had

disappeared. For the plants at the Organs site, it was
initially tempting to suggest that the differences in Zn
resorption between 1989 and 1994 could be attributed
to a shift in the relative amounts of green-leaf Zn in
controls and Zn-treatments. Green-leaf Zn was sig-
nificantly higher in Zn-treatments than controls in
1989, but not in 1994 (unpublished data). However,
the actual differences were rather small and no such
shift in green-leaf Zn between 1989 and 1994 was
evident in F. splendens at the Jornada site. Reducing
the intensive applications of both solid and liquid
fertilizer after 1989 to periodic applications of solid
fertilizer resulted in the loss of Zn-treatment effects on
Zn resorption.

The pattern of Zn resorption seen in 1989 bears on
the continuing debate regarding the relationship be-
tween fertility and resorption. Studies supporting
(Richardson et al. 1999; Kobe et al. 2005; Rejmánková
2005; Richardson et al. 2005) and refuting (Birk and
Vitousek 1986; Minoletti and Boerner 1994; Aerts
1996; Milla et al. 2005) the hypothesis that fertility or
foliar nutrient status significantly influence resorption
have focused almost exclusively on N and P. Adding
Zn fertilization and resorption to the debate increases
the breadth of our understanding of this notoriously
complex relationship.

Perhaps the most salient point regarding this
fertility issue is this; there was not always a
significant relationship between foliar Zn concentra-
tion and Zn resorption in F. splendens. The consis-
tent trend in the ANOVA analyses was that Zn
treatments resulted in less efficient and less profi-
cient resorption of Zn. However, in three of four
combinations of site and year, regression analyses
indicated no significant trend between green-leaf Zn
and (a) efficiency of Zn resorption (P>0.05; slope of
log10 green-leaf Zn/log10 Zn resorption efficiency
was not significantly different from a slope of 1.0;
see Kobe et al. 2005) and b) proficiency of Zn
resorption (P>0.05; log10 green-leaf Zn/log10 Zn
resorption proficiency). Interestingly, as green-leaf
Zn increased, resorption of Zn became significantly
less proficient at the Organs site in 1989, the year
liquid Zn fertilizer was applied (P≤0.01; R2=0.450).
Therefore, the results are mixed for the existence of a
strong, consistent link between the resorption and
availability of Zn, just as they are for N and P in the
literature at large.
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Influence of cofactors and variability in resorption

Rejecting the hypothesis that foliar Zn plays a
consistent role in influencing N resorption in F.
splendens still does not address two important
questions: (1) is there merit in the hypothesis that
metallic enzyme cofactors such as Zn may influence
N resorption in general? and (2) what caused the large
temporal variation in ocotillo resorption?

There is no reason, from a theoretical standpoint,
to abandon the hypothesis that deficiencies in Zn, or
other metallic cofactors, could reduce resorption of N.
Zinc is known to be an integral component of
metallo-endopeptidases (Barrett 1986), which in turn
have been implicated in the breakdown of cellular
proteins (Feller 2004). This catabolism is necessary
for the effective resorption of N from senescing
tissues because N is moved out of senescing leaves
as amino acids (Chapin et al. 1986; Hörtensteiner and
Feller 2002; Mae 2004). Feller (2004) has already
suggested that observed reductions of proteolysis in
the presence of the metal chelator EDTA were likely
the result of the inhibition of a metallo-endopeptidase.

Therefore, when Zn reaches some critical low level,
some fraction of the enzymatic machinery responsible
for protein catabolism will be rendered non-functional.
What those critical levels are for any combination of
plant species and site is presently unknown. Zinc is
considered to be deficient for plant growth at concen-
trations below 20 μg g−1 (Jones 1972). Nonetheless,
Zn concentrations were below that level in 1989 when
resorption of N was both highly efficient and
proficient. This, along with the fact that the plants
grew vigorously, is clear evidence that the 20 μg g−1

deficiency threshold is not universal. Because factors
other than Zn availability may have dominated the
control of resorption in this study, laboratory experi-
ments in which factors such as water availability are
optimized, while Zn availability is varied widely,
would improve our ability to determine whether
cofactors can influence macronutrient resorption.

As for the second question, some degree of
temporal variability in resorption is always expected,
but extreme variability has rarely been reported. The
unpredictable timing of leaf senescence and abscis-
sion in drought-deciduous plants in general, and F.
splendens in particular, may be responsible for highly
variable resorption. Senescence controlled primarily

by water availability alone, rather than by a combi-
nation of photoperiod and additional factors as it is in
many deciduous plants, may lead to abnormally high
spatial and temporal variability in the resorption of
drought-deciduous plants such as F. splendens.

Because drought and water availability are known
to impact resorption (Hocking 1982; del Arco et al.
1991; Heckathorn and DeLucia 1994; Minoletti and
Boerner 1994) and because water availability is
known to be highly variable in deserts worldwide
(Whitford 2002), it seems logical to hypothesize that
resorption in desert-dwelling, drought-deciduous
plants may in fact be highly variable. The relatively
small number of multi-year, multi-site studies of
resorption in drought-deciduous species prevents a
definitive test of this hypothesis at present, but for F.
splendens, the hypothesis has been borne out.
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