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          Recent spatial studies on soils illustrate the high degree of temporal and spatial variability of nutrients and suggest that these small-scale differences are critical to plant processes (e.g. Jackson et al 1993, Stark 1994).  To date, coastal dune environments appear to have some of the highest measured spatial nitrogen variability (Cain et al. 1999).  Within these nutrient-limited environments (van der Valk 1974, Kachi and Hirose 1983, Olff 1993), we hypothesize that, analogous to aboveground reactions (e.g. Pearcy 1994), dominant plants may respond to differences in resource concentrations.  By performing a spatially explicit growth analysis, we can assess the significance of nutrient heterogeneity on plant growth and characterize root responses towards nutrient-rich areas.

Materials and Methods

          A relative growth rate study (RGR) with concurrent root analyses was performed outside at the UCSB greenhouse (Santa Barbara, CA) in Spring 2001 on a prominent shrub of California’s coastal dune scrub environments, Artemisia california Less. (Asteraceae).  Experimental seedlings were germinated from seeds of  A. californica collected from dune populations (Montaña de Oro State Park, Los Osos, CA). 

          To assess the effects of nutrient heterogeneity on plant growth, two belowground growth conditions were created.  4.2L pots (20.3cm x 18.4cm) were filled with 5kg of 30-grit Monterey beach sand and given equal amounts of nutrients (1.1g of slow release fertilizer granules, Osmocote 14-14-14). The granules were mixed thoroughly in the upper 4 kg of sand to create the control or  “Homogeneous” soil nutrient condition (Hm), whereas the granules were placed as a nutrient-rich “patch” 11cm down the soil profile and offset from the center to create the “Heterogeneous” treatment (Ht).  Nine days after germination, ninety seedlings were transplanted into each of these conditions and moist soil conditions were maintained.

          Five harvests (n=8) were conducted at two-week intervals beginning one week after transplanting.  Total dry root and shoot biomasses were measured to assess the effect of nutrient heterogeneity on whole plant growth responses.  To analyze entire root system responses to the treatment as well as localized root responses to the nutrient patch, we took two cores (4.1cm width ( 190cm3) the entire length of the pot to collect spatially specific root subsamples. In the Ht treatment, core “a” encapsulated the nutrient-rich patch while core “b” was located in the same position, but in a low nutrient region on the opposite side of the pot.  These cores were replicated in the Hm control, but here, core “a” and “b” are similar in nutrient concentrations.  To determine specific root length (SRL m/g), cored roots were stained with 0.1% Toludene Blue and root length was measured using video image analysis (Agvision, Decagon Devices Inc.). Only the root samples from the lower half of the core are discussed in this paper.  

          Differences in experimental time, treatment and within treatment (patch vs. non-patch) values were tested for statistical significance using appropriate two-tailed t-tests and a significance value p < 0.05.

Results and Discussion

          Total plant biomass (data not displayed) was significantly higher in the Hm control every week but the initial harvest (t-test, p < 0.05) and was five times larger than the Ht treatment by the final harvest (3.45g and 0.68g). The RGR measurements (Fig 1A) reflect this slower yet parallel behavior in growth rate of the plants in the Ht treatment relative to Hm (Hm is 1.4- to 1.7-fold higher).  However, at week 8, a sharp rate increase occurs in the Ht treatment (~2-fold increase), changing this trend.  We believe this may indicate root nutrient interception and acquisition within the patch, releasing the plant from initial growth limiting nutrient stress.  This is supported by the initial absence of roots within the patch region; by week 5 only half of the sampled roots appear in the patch. This suggests that nutrient availability limits growth in the Ht treatment during the first half of the experiment.  The root system of A. californica responds to this apparent nutrient limitation with changes in resource allocation.  Root mass ratio or RMR (root biomass g / plant biomass g) data (Fig 1B) indicate that individuals in the Hm control average 0.42 g/g over the entire experiment, whereas individuals in the Ht treatment have significantly higher root allocation at week 3 (0.56 g/g) and 5 (0.49 g/g).  Therefore, these roots appear to be plastic and responsive to low nutrient availability, but how do they respond to nutrient-rich regions?

          Root characteristics such as root length and the sample root mass as a percent of the total root mass (%RM = (Sample root g / Total root g)*100) (Table 1) indicate that roots of A. californica respond to a nutrient-rich patch with a local increase in root growth relative to the total root system.  By week 9 in the Ht treatment, %RM is 3.5-fold greater in the patch than outside of the patch.  Though several species have not demonstrated an increase in root biomass or root length in response to a nutrient patch (e.g. Mackie-Dawson 1999), root proliferation appears to be a common response towards nutrient “hot spots” (e.g. Robinson  1994, de Kroon and Hutchings 1995).  This has been demonstrated in the congener, Artemisia tridenata (e.g. Jackson and Caldwell 1989, Cui and Caldwell 1997).  Less consistent are morphological responses to nutrient-rich patches, such as increases in SRL to increase surface area of absorptive tissue  (Ryser 1998). In this study, there was not a localized root change in SRL due to the presence of a nutrient-rich patch (Table 1).  Several species have shown lower values or no difference in SRL (e.g. Hodge et al. 1999) suggesting important tradeoffs with high SRL values (Eissenstat 1992).  The Ht treatment did cause the root system as a whole to produce roots with a 1.7-fold greater SRL than the roots within the Hm control (Table 1). In contrast, time significantly reduced SRL in both treatments, suggesting a developmental influence.  In total these data suggest that, within A. californica seedlings, changes in whole root system and local root allocation allow the plant to respond to nutrient stress as well as increase resource capture in nutrient-rich zones.  Changes in SRL also occur at the whole root system level, but do not appear to take place within localized regions of roots in response to nutrient heterogeneity.

          These trends are currently being compared to other coastal dune scrub species to determine how species within these communities respond to ambient nutrient heterogeneity.  Preliminary data suggest that, in response to nutrient-rich patches, the roots of A. californica proliferate more rapidly than others tested.  Additionally, it shows the greatest increases in RGR in nutrient heterogeneous conditions.
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Fig 1.  The effect of nutrient heterogeneity in A. californica on (A) RGR (g/g day) and (B) RMR (g/g) through time.  Statistically significant differences (p<0.05) in mean values as determined by two-tail t-tests are indicated by (*) for treatment and (^) for time interval comparisons.  Error bars indicate ( 1 SE.

Table 1.  Mean specific root length (SRL m/g) and mean sample root mass as a percent of total root mass (%RM g/g), for week 7 and 9, each sample core location and each treatment.  Values in parentheses are standard errors.  Based on two-tailed t-tests (p<0.05), statistically significant differences were found between both treatments and weeks for SRL, but core locations differences were not significant; for %RM, no significant differences were found except in Ht core “a” between time intervals and core locations in week 9.
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	Core Location
	a
	b
	a
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	Hm
	250.7 (16.7)
	273.7 (29.5)
	126.1 (7.77)
	125.7 (11.6)
	
	1.23 (0.82)
	2.01 (0.80)
	2.99 (0.62)
	2.72 (0.80)

	
	
	
	
	
	
	
	
	
	

	Ht
	381.7 (57.5)
	413.3 (20.5)
	202.2 (23.9)
	220.5 (23.0)
	
	2.08 (1.24)
	2.58 (1.27)
	6.39 (1.59)
	1.84 (1.01)
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